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PREFACE

In the last twenty years a great amount of progress has been made in the development of
new magnetic materials. Permanent magnets have progressed from the AINiCo’s (with (BH),~8
MGOe) to the strong rare-earth magnets of SmCos ((BH),~20 MGOe), Sm,(Co,Fe,Cu,Zr),,
{(BH),~30 MGOe) and the recently discovered Nd-Fe-B super-magnets with (BH),~50 MGOe.
For years the magnetic storage industry has employed Fe, 0, and CrO, for storage media and
permalloys and ferrites for recording heads. The recent development of thin film heads, the
demand of higher density of information storage and the emergence of completely new
technologies, like magneto-optics, call for entirely new types of magnetic materials. Another
area in which new techniques of materials preparation have made a dramatic impact is the
epitaxial growth of magnetic films. Recent work has shown that this process can be controlled
on the scale of atomic monolayers permitting the growth of totally artificial structures, such as
artificial superlattices with a resolution on this scale. Epitaxial growth has also permitted the
stabilization of metastable phases in thin film form. These new phases often possess striking
properties, such as strong perpendicular anisotropies, which may prove useful for technological
applications such as recording. Research on magnetic multilayers and superlattices is increasing
at an accelerating pace. Complex couplings between different magnetic layers lead to new
properties not seen in bulk materials. Magnetic surfaces and interfaces show large magnetic
anisotropy (surface anisotropy), coercivity, galvano-magnetic and magneto-optic effects that can
lead to future storage technologies. Ultrafine particles also show interesting and unique
properties ranging from superparamagnetism to strong magnetic hysteresis in particles with a size
close to that of single domain particle. The investigation of these new materials is shedding new
light on magnetism in general, and yields unusual materials in powder form which have potential
use in magnetic tapes as well as in many other technological areas.

The remarkable progress made in magnetic materials has been aided by an interplay
between experimental measurements and theoretical models. The Stoner and Wohlfarth model
of single domain particles helped significantly in understanding the origin of magnetic hysteresis
in permanent magnets. However, this oversimplified theory is often used incorrectly to describe
the hysteresis behavior of complex magnetic materials where a "domain wall pinning” or a
"nucleation of reversed domains” process is rather more appropriate. The origin of surface
anisotropy in thin films and ultrafine particles is not yet clear, and the effects of film thickness
and interfaces on the intrinsic and extrinsic magnetic properties are not well understood. In
superlattices, it is now found that strong coupling between two ferromagnetic layers can be
carried through an intervening layer which is not ferromagnetic. Transport measurements in
these structures show giant magneto-resistance effects. The progress in band theory of magnetic
materials has also been remarkable. Using novel statistical techniques of Monte Carlo calculation
the Curie temperature of Fe has been calculated accurately. This progress has now paved the
way for addressing the important "secondary” phenomena such as magnetic anisotropy, galvano-
magnetism and magneto-optic rotations which are due to "spin-orbit coupling.” All of these
properties have been poorly understood in the past and are decisive for many applications.

"‘The NATO Advanced Study Institute (ASI) on the Science and Technology of Nano-
structured Magnetic Materials which was held June 24 - July 6, 1990 in Aghia Pelaghia, Crete,
Greece, reviewed the remarkable progress made in magnetic materials over the last few years
and addressed the current state-of -the-art research and its impact on technological applications.
The subject matter fell into a number of broad areas including thin films, multilayers, disordered
systems, ultrafine particles, intermetallic compounds, permanent magnets and magnetic imaging
techniques. The present volume contains the invited lectures as well as a number of contributed
papers. Thé book is divided into seven chapters representing the various topics discussed at the
meeting. We hope that this book will serve as a reference to all researchers in magnetic materials
and other related fields. y o -
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ELECTRONIC STRUCTURE AND MAGNETISM OF METAL SURFACES,
OVERLAYERS AND INTERFACES

A.J. Freeman, Chun Li and R.Q. Wu

Department of Physics and Materials Research Center
Northwestern University, Evanston, II, 60208-3112

INTRODUCTION AND BACKGROUND PERSPECTIVE S

——_.% As is clear from the subject of this NATO Institute, the importance of low-dimensional
systems (including surfaces, interfaces and thin filins) in determining the physical properties
of technologically important materials has stimulated theoretical efforts to determine from
first principles a detailed understanding of their chemical, electronic and mechanical proper-
ties. Fortunately, this has now becn become possible as a result of the dramatic advances in
condensed matter theory made in the last decade, driven in large part by new and sophisti-
cated experiments on high purity materials which have been well and carefully characterized.
Particularly in clectronic structure, these advances may be attributable directly to the close
collaboration of theoretical and experimental researchers, Indeed, the new-found ability to ap-
ply fundamental theoretical concepts to real materials (rgther than to simple model systems)
made possible by utilizing the continued rapid developmént of computer power, has served to
fill the increasingly urgent demand of expérimentalists for theoretical interpretation of their
data. Also, in some cases, these computational cfforts can be used to provide data which
would be currently impossible or impractical to obtain experimentally. This development has
been an essential element in the phenomenal growth seen in this area of materials science.

More specifically, the advent of accurate sclf-consistent (local) spin density functional
(LSDF) calculations for surfaces, interfaces and multilayers means that theory is no longer
limited to simple parameter-dependent models. These complex systems are of growing inter-
est because the reduced symmetry, lower coordination number, and availability and role of
highly localized surface and interface states offers the possibility of inducing new and exotie
phenomena and so holds out the promise of new device applications.

The range and varicty of materials under investigation is enormous. One of the recent
important developing trends lies in the preparation of synthetic structures on the submicron
lovel, which will permit, in the near future, new scientific phenomena to be investigated, and
novel device applications to be made on artificially made materials not found in nature, In
addition to the technological reasons for focusing attention on submicron problems, there are
interesting phenomena to study which are of fundamental and physical interest in themselves,
Indeed, our own scientifie attention has spread from cousideration of bulk properties to ob- .
taining a better ndamental understanding of reduccd-dimensionality-phenomena at suvfaces
and interfaces,

Science and Technology of Nanostructured Magnetic Materials
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I tie foliowing, we limit onrselves to diseuss only a few selected oxamples taken from
the several dilferent systems we have been studying recontly. Our aim s to provide i gen.
eral overview of the complexity of the difforent issues involved and, at the same Gme 1o
illustrate the kind of answers that our theoretical-computational approach can offer 1o the
understanding of these issues by yielding well-defined rosults and making precise predictions.
Virrious examples have demonstrated that it is possible not only to make quantitative predic.
tions for real systems, but more importantly, to gain insights into the underlying physics of
these materials which are essential not only for the pure science but also for potential device
applications. ‘

METHODOLOGY AND APPROACH

Since many of the phenomena are directly related to the electronic structure at surfaces
and interfaces, attention has been focused on extending well-known theoretical methods for
caleulating bulk properties to treat these low dimensional systems. This timely and successful
pursuit resulted from the fact that considerable activity has been focused in recent years on
quantwm mechanical theories which deseribe the dynamies of many-interacting electrons in
an external potential, e.g., due to the atomic nuclei. An important breakthrough was the de-
velopment of density-functional theory. In its local approximation, density-functional theory
leads to-Schrddinger-like once-particle equations (Kohn-Sham equations) containing an effec.
tive potential encrgy operator which is determined by the self-consistent charge distribution.
Thus, the local density-functional one-particle equations have to be solved iteratively.

One of the most accurate and powerful schemes to solve the local spin density functional
(LSDT) one-particle cquations is our all-clectron full-potential linearized-augmented-plane-
wave [1] (FLAPW) method which can be applied for bulk and superlattice calculations as
well as for film calculations. The basic idea in this variational method is the partition of real
space into three different regions, namely, spheres around the nuclei, vacuum regions on both
sides of the slab in the case of film caleulations, and the remaining interstitial region. No shape
approximations are made to the charge density and the potential. Both the charge density
and the effective one-clectron potential are represented by the same analytical expansions,
i.c., a Fouricr representation in the interstitial region, an expansion in spherical harmonics
inside the spheres, and (for films) a 2-dimensional Fourier series in cach vacuum plane parallel
to the surface.

Thus, the FLAPW method allows a fully self-consistent solution of the LSDF one-particle
cquations and yields charge densities and spin densities close to the LSDF limit, Besides the
total charge density, the key quantity in density-functional theory is the total encrgy corre-
sponding to the ground state charge density, The capability of total encrgy calculations for
various geometrical arrangements provides a powerful theoretical tool to study the energetics
and, at least in principle, the dynamics of bulk solids and surfaces.

MAGNETISM OF METAL SURFACES AND OVERLAYERS

3d Ferromagnetic Metal Surfaces and Overlayvers

As is clear from other contributions to this volume, tho magnetism of the 3d ferromag-
netie transition metals at surfaces and interfnees is of special interest hecanse of their possible
use in high-technology information storage devices, Becaunse of the hreeakdown of the theee
dimensional erystal symmetry, the clectronie and magnetic properties are expected to he sig
vificantly different from that seen in the bulk solids, The interface features strongly contead
the magnetism of the material at least o fow A8 deep tnto the bulk, This interface influence
on magnetism depends on the atomie structure and the nature of the materials on both sides
of the interfaee,
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Figure 1 (a) Charge and (b) spin density contour plots for a nine-layer fcc-Co(001) slab in the (100)
plane. For (a), the numbers indicated are in units of 10=3 e/a.u.; subsequent contour lines differ by
a factor of /2. For (b). the numbers indicated are in units of 104 e/a.u.: subsequent contour lines

differ by a factor of 2.

Unusual properties of surface magnetism (viewed as an interface between solid and vac-
uum) have been obtained from theoretical studies of various ferromagnetic transition metal
surfaces; these include surface magnetic moments enhanced over the bulk values, narrowed 3d
band-widths for the states in the surface layer and largely reduced surface magnetic hyperfine
fields (except for bee Cr, for which the hyperfine field is enhanced). Listed in Table 1 are
the calculated magnetic moments of 3d-transition metal surfaces using the FLAPW method.
As a general phenomenon, enhanced magnetic moments at the surface layer (with respect to
bulk moments) are predicted. The magnetic moments calculated are comparable with exper-
imental findings. Table 2 contains the FLAPW results for magnetic overlayers on Cu, Ag,
and Au substrates. Giant magnetic moments for monolayer Fe overlavers on Cu, Ag and
Au(001) substrates are predicted. The effect of the magnetic properties of the substrate on
the magnetic films is also carefully studied.

Table 1 Calculated magnetic moments (M, in p2p) of 3d-transition metal bulk and surfaces

A",“rf Alb,,“; ref.

Ni  fee  (100) 0.68 0.56 [3]
(110) 0.63 (4]

Cr  hee  (100) 249 (FM) 0.89 (AFM) [5)

0.59 (Exp.)

Fe  bec  (100) 298 2.15 [6)
(110) 2.65 {7

Fe fec  (100) 2.85 1.99 (8]
Co fcc  (100) 1.86 1.65 [9]
Co hep (0001) 1.76 1.65 [10]
Co bee  (100) 1.95 1.76 (11]
Co hee  (110) 1.34 1.76 [4]




Table 2 Calculated magnetic moments (M, in gg) of 3d-transition metal thin filin overlayers on
noble metals. S denotes surface and S-1 subsurface layers.

thin filins M ref. || thin films M ref.
TV/Au(001) 75 (12 | AFM 2Fe/Cu(001) | 238 (5) [13]
1V/Ag(001) 1.98 (12] 222 (S-1) (13]
2V/Ag(001) 115 (S) 112] || 1re/Ag(001) 2.96 (12]
<0.05(S-1) [12) || 2Fe/Ag(001) 2.94 (S) [12]

Cr monolayer 4.12 [12] 2.63 (S-1) [12]
1Cr/Au(001) 3.70 [12] || 1Fe/Au(001) 297 B31)
2Cr/Au(001) 2.90 (S) [12) | 1Fe/W(110) 2.18 [14]
230 (5-1) [12] || 1Co/Cu(ool) 1.79 (15]

Fe monolayer 3.20 {12] || INi/Ag(001) 0.57 f16]
FM 2Fe/Cu(001) | 2.85 () [13] || Cr/Fe/Au(001) | 3.10(Cr)  [(12]
260 (5-1)  [13] Z1.96 (Fe)  [12]

Fe/Ct/Ag(001) | 2.30 (Fe)  [12]

~2.40 (Cr) [12]

To illustrate the electronic and magnetic properties of transition metal surfaces and in-
terfaces, we present briefly the FLAPW computational studies of the fcc Co(001) surface and
of a Co overlayer on a Cu(001) substrate. The charge and spin densities in the (100) plane
of a nine layer fce Co(001) slab is shown in Fig.1 (a) and (b), respectively. Features similar
to those of the other ferromagnetic transition metal surfaces are seen in that the effect of
the surface on the charge density is mostly localized to the surface layer. The other layers,
including even the sub-surface layer, appear to be very much bulk-like. This is also confirmed
by examining the detailed charge population (not shown) within each muffin-tin (MT) sphere
of the atom; the charge distribution of the non-surface layer atoms is found to be very much
the same.

Unlike the charge density distribution, which has a larger spherical-like component for
each atom, the spin density shows strong anisotropic features around the atoms. Similar fea-
tures have also been found in ferromagnetic metal surfaces of Fe, Ni and Co.

The charge and spin deusities in the (100) plane of a Co overlayer on an fcc Cu(001)
substrate are shown in Fig.2 (a) and (b), respectively. The charge density at the overlayer Co

Table 3 The contact hyperfine field (in kGauss) and the ratio of core electron contribution and
effective magnetic moments of bee Co(001), fcc Co(001) and hep Co(001) surfaces and Co overlayer
on a Cu(001) substrate.

atom | core conduction total core/M moment

(uB)

bee Co(001) S —285 +104 —181  —147 1.94

surface S—-1] -25 -12.1 —-268 144 1.78

(9 layerslab | S -2 ] -252 +13.6 -238 -144 1.76

model) S-31-253 +6.3 —-247  —144 1.76

C —257 +18.3 -238  -146 1.76

fce Co(001) S —266 +55.5 -211  -144 1.86

surface S—-11]-236 -75.1 =311 -144 1.64

(9 layerslab | S—2 | -237 —-70.5 -307 -144 1.65

model) §-3] -236 —69.1 =305 144 1.64

C -237 —69.5 -306 —144 1.65

hep Co(0001) S -257 =315 —-287 -146 1.76

surface S—-1]-244 -84.7 -297  -144 1.68

(7 layerslab | S—-2{ -237 —~76.1 =314 -145 1.65

model) C —239 —75.5 -314 -145 1.64

Co/Cu(001) —257 +161 —96 —144 1.79
interface
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Figure 2 (a) Charge and (b) spin density contour plots for Co overlayer on a Cu(001) substrate in
the (100) plane — as in Fig. 1.

atoms shows few anisotropic features in the contour shapes. The interface Cu atom charge
density contours are slightly different compared with those of the other Cu atoms. The sub-
interface {§ — 2) and center layer (C') Cu atoms have primarily the same charge distribution.
and are thus quite bulk-like. The spin density contours for the overlayer magnetic atoms
shows stronger anisotropic features than do the charge density contours. The interface Cu
atom also has a region of positive spin density distribution around the center of the atom.
The spin density on the non-interface Cu atoms is relatively much smaller. These features
have also been seen in other interfaces between ferromagnetic and noble metals.

The hyperfine magnetic field — an important property of magnetic transition metals
which can be directly measured by Méssbauer effect and NMR experiments — provides
information related to the magnetism which is sensitive to the environment of the atom. The
contact part of the hyperfine field (listed in Table 3 are those of bee Co(001). fcc Co(001)
and hep Co(001) surfaces, and the Co overlayer on Cu(001) substrate) is determined by the
spin density at the nucleus [2]: this is mostly enhanced by the magnetism of the valence d-
clectrons and so is strongly dependent on the total magnetic moment. The contribution to the
hyperfine field by core electrons is found to be rather precisely proportional to the magnetic
moment, whereas the total hyperfine field varies from ~ —96 kGauss for the overlayer (o
atom in Co/Cu(001) to —314 kGauss for the bulk-like (center layer) atoms in fec Co. The
almost identical constant value (—144 + 2% kGauss/ug) of the ratio of the core hyperfine
field and the magnetic moment is evidence that the core polarization coupling constant is not
sensitive to the atomic environment.

Magnetic Anisotropy of Fe Thin Films

The magnetic anisotropy properties of ferromagnetic thin-films (Fe, Co. Ni, etc.) on
various substrates have been studied via surface magneto-optic Kerr effect [17] (SMOKFE),
ferromagnetic resonance (FMR), spin-polarized photoemission, etc. In ultra-thin Fe(001)
films on Ag(001) (less than 2.5 monolayers), the magnetization is found to lie along the sur-
face normal {18, 19]. Both in-plane {20] and perpendicular anisotropy [21] are observed for




monolayer range Fe(001) on Au(001). Liu et al. [21] reported a universal behavior of perpen-
dicular spin orientation below a critical thickness of 6 monolayers or less in fcc Fe(100) on
C'u(100), fec Fe(111) on Ru(0001), bet Fe(100) on Pd(100) and bee Fe(100) on Au(100).

The origin of magnetic anisotropy of 3d ferromagnetic materials [22] was proposed by
van Vleck [23] more than 50 years ago to be the spin-orbit interaction. Still today, the theoret-
ical understanding of the magnetic anisotropy in realistic systems remains a great challenge,
because it is necessary to know in precise detail both the electronic structure and the total
energy (the latter to £1073 eV).

To study the magnetic anisotropy of metal surfaces and thin-films, [25] we developed a so-
called “second variation” method based on our highly-precise total energy FLAPW approach,
i.e., to solve the relativistic Dirac equation of the electronic system with a charge density
obtained from a previous semi-relativistic self-consistent calculation. As the first test of this
method for calculating magnetic anisotropy, the free standing Fe monolayer with a square
lattice structure and with lattice constants matching ecither fcc Ag(001) (a4, = 4.086 A)
or fec Au(001) (a4, = 4.078 A) was studied [25]). The charge density of monolayer Fe is
determined with the semi-relativistic FLAPW method. The magnetic anisotropy energy is
estimated by the second variation procedure. In both systems, a small in-plane preference
of the spin orientation of order.«~ 3 x 10=% eV /atom (or an equivalent anisotropy magnetic
field of ~ 1.7 kGauss along the in-plane direction) is obtained from the calculations [25]. This
result is in contrast with the result of Gay and Richter [24] who obtained a perpendicular
spin orientation in an unsupported Fe monolayer. We also calculated the anisotropy between
the two in-plane directions, namely, (8 = 3, ¢ = 0) and (¢ = §, @ = ). This anisotropy
energy is found to be about two orders of magnitude smaller than the perpendicular/in-plane
anisotropy, i.e., ~ 1% of the anisotropy energy between the (§ = 0, ¢ =0)and (8 = 5, ¢ = 0)
directions.

Similar calculations were then carried out for Fe monolayers on Au. Ag and Pd(001)
substrates. For these theoretical studies, the Fe/metal systems were modeled by a single-slab
geometry with one layer of p(1 x 1) Fe coupled with one layer of Ag (or Au or Pd) atoms.
and with the Fe atoms located at the four-fold hollow site of the Ag (or Au or Pd) square
lattice. The experimental Ag, Au and Pd lattice constants were assumed. The computa-
tional results can be summarized as: (1) in all three systems, i.e., 1Fe/1Au, 1Fe/1Ag and
1Fe/1Pd, the easy direction of the spin-orientation is perpendicular to the surface of the film.
in contrast with the results for the free standing Fe(001) monolayer; (2) the values of the
magnetic anisotropy energy for these systems are considerably larger than the results for the
free standing Fe monolayer, i.e., 0.5 meV/atom for 1Fe/1Au, 0.1 meV /atom for 1¥e/1Ag and
0.4 meV/atom for 1Fe/1Pd. In this case, the result for 1Fe/1Ag is in agreement with the
preliminary result reported by Gay and Richter [24] for an Fe/Ag(001) slab with 5 Ag layers
sandwiched by a monolayer of Fe on either side. Surface and interface magnetism continue
to attract considerable attention, largely because novel electronic and magnetic features are
expected to arise from the breakdown of three dimensional crystal symmetry.

Rare-Earth Metal Surface Magnetism: Gd(0001)

The structural, electronic and magnetic properties of rare-carth metal surfaces and thin-
films have attracted considerable attention in recent years. Among them, hcp Gd(0001) is of
special interest because of its novel magnetic properties, including surface-enhanced magnetic
ordering (SEMO) at a temperature well above the bulk Curie point {26, 27}.

The first experimental evidence for SEMO was provided by Rau and Eichner [26], using
electron-capture-spectroscopy measurements. A SEMO up to T = 310 K was extrapolated




FM AFM

Figure 3 Schematic ferromagnetic and antiferromagnetic configurations for a 6 laver Gd(0001) slab.

from the measurements on polycrystalline thin films. Similar conclusions were drawn by
Weller et al. [27] for epitaxial hcp Gd(0001) thin films grown on a single crystal W(110)
substrate, employing spin-polarized low-energy-electron diffraction (SPLEED) and magneto-
optic Kerr effect (MOKE) techniques. Again. the SEMO critical temperature is found to be
~ 22 K above the bulk T,. Very interestingly, the top-most surface atomic layver magnetic
moments were inferred not to be ferromagnetically coupled to the underlying bulk layers.

Despite these developments in experimental knowledge of the surface magnetism of Gd.
no detailed theoretical research has been reported previously. In this lecture, we provide first
results of FLAPW studies of the structural. electronic and magnetic properties of the hep
(Gd(0001) surface.

The Gd(0001) surface --- with the top-most atomic layer ferromagnetically (FM) or
antiferromagnetically (AFM) coupled to the underlying bulk-like layers as shown in Fig. 3
— is simulated primarily by an hcp slab geometry with 6 Gd atomic layers. This thickness
is reasonable since test calculations carried out on an 8 layer AFM slab confirm most of the
results. The 2D lattice constant and the distances between adjacent bulk layers were chosen
in accordance with the experimental data (@ = 6.8446 a.u., ¢ = 10.8622 a.u., ¢/a = 1.587).
while the distance between the surface layer and the underlying bulk laver is determined by
minimizing the total energy. The minimum of the fitting curve gives an equilibrium distance
between the surface layer and the adjacent underlying layer = 5.53 a.u., i.e., ~ 2% expausion
in comparison with the bulk-like spacing. With this assumed equilibrium atomic structure,
the total energy for AFM coupling is about 3 mRy lower than the minimum for FM coupling.
Thus we find that the surface AFM coupling is more stable than the FM one, in support of
the experimental observation by Weller et al. [27].

The total valence charge densities, which are fundamentally important quantitiesin LDA
and usually give clear insights for understanding the surface interactions, are presented in Figs.
4 (a) and (b) for the AFM and FM hcp Gd(0001) surfaces, respectively. It is seen that the
electrons in the surface atoms spill out into the vacuum region to lower their kinetic energy.
The density corrugation along the horizontal direction is very small even not far above the
surface atoms, indicating the smoothness of the Gd(0001) surface. Dramatically, the spatial
charge distribution just below the surface layer shows a typical metallic interaction between
the Gd atoms whereas no noticeable special bond-orientation exists.

Figure 5 presents the calculated valence spin densities on the (1010) plane for the FAl
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Figure 4 The total valence charge density of the Gd(0001) surface on the (1010) plane for (a) FM
surface coupling; and (b) AFM surface coupling. Contours start from 5 x 10=* e/(a.u.)? and increase
successively by a factor of V2.

and AFM hcp Gd(0001) surfaces. Becausc tlie valence spin-polarization is induced by the 4 f
shell, the majority spin exceeds the minority spin in the whole space for the FM surface
different from that usually obtained for the transition metal surfaces. For the AFM case. since
the 4 f spin polarization in the surface layer is antiparallel to that of the underlaying lavers.
the valence spin-density in surface region becomes negative in order to follow this change. As
listed in Table 4, the FM Gd bulk, the total calculated valence magnetic moment is 0.59 up
per atom. This value agrees well with the experimental result [28] (0.63 ug) — suggesting
the validity of present day theoretical treatments. For the FM and AFM Gd(0001) surface,
the moments inside the center MT spheres are very close to the calculated result for bulk FM
Gd. For the FM state, the valence magnetic moment at the surface is enhanced (by ~ 20%).
Because the surface 4 f spin polarization is antiparallel to the underlying layer for the AFM
state, the induced valence spin density decreases markedly (with a node) in the in-between
region. As a result, the AFM magnetic moments in the topmost two layers become smaller
than those for the FM coupling. Nevertheless, the surface magnetic enhancement is sizable
because the negative surface magnetic moment is still larger than the corresponding value in
the center layer MT sphere.

Table 4 Calculated magnetic moments for bulk Gd and the Gd(0001) surface.

FM | AFM
MT 0.47 —
Gd bulk | Int./atom | 0.12 -
total 0.59 —
expt. 0.63 --
S 0.58 | ~0.49
Gd(0001) S-1 044 1 0.39
C 046 | 0.45
Int./atom | 0.14 --
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Figure 5 Spin densities on the (1010) plane of (a) FM Gd(0001); (b) AFM Gd(0001). Contours start
fram £1.0 x 10~* e/{a.u.)® and increase by a factor of 2.
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To conclude, (1) unlike the usual results for transition metal surfaces, the FM Gd(0001)
surface layer expands outwardly (by 2%); (2) the surface Gd layer couples antiferromagneti-
callv with the underlying bulk, aud the stability of the AFM coupling originates mainly from
the enhancement of the second-neighbor interaction between the surface layer and the third
layer: and (3) the surface magnetic moment is enhanced from the bulk value.

METAL-CERAMIC INTERFACES

Our basic physical understanding of the simplest metal-ceramic interfaces falls far short
of their obvious importance. As an illustration of the first steps taken to study the metal-
ceramic interfaces from first principles, we cite some recent work [29] on Fe on MgO(001).
Some remarkable results have been obtained which show that MgO is an extremely non-
interactive substrate for metal overlayers and, hence, that it might be an ideal two-dimensional
substrate for studying magnetization, magnetic anisotropy, phase transitions and critical be-
havior.

To determine the interface structure between Fe metal and MgO(001), two different po-
sitions for monolayer Fe on MgO(001) were studied, i.e., Fe above the O site and ubove the
Mg site. The total energy study determined that the position of Fe atoms above the O atom
site is preferred, similar to the results of our previous Ag/MgO(001) calculations. This result
is consistent with experimental findings by Urano et al. [30]. The interlayer spacing between
monolayer Fe and the MgO(001) substrate was determined to be, 2.30 A. In the following.
we discuss the properties of the Fe/MgO (001) system for the case of the Fe above O site
with this optimized interlayer spacing. The same interface structure between Fe and MgO
(i.e., the interface Fe atoms sitting at 2.30 A above O sites) was then assumed in our model
calculations of 2Fe/MgO0(001).

The charge density contour plot of the ferromagnetic 1Fe/MgO(001) is shown in Fig.
G(a). As expected, the charge density of the MgO substrate remains basically unchanged in
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Figure 6 (a) Charge and (b) spin density distributions for Fe/MgO(001) (Fe above O site) plotted
for the upper half of a single slab unit cell in the (100) plane. as in Fig. 1.

comparison with clean MgO. A small interface effect is seen at the interface O atoms. The
Fe atom shows a surface-like charge distribution. i.e.. with the charge smoothly extended into
the vacuum region. The overlayer Fe atom has a total charge of 6.31, which is equal 1o that
of the free standing monolayer Fe, despite the presence of the MgO(001) substrate. Also
interestingly, the MgO electron population in 1Fe/MpgO(001) differs from that of the clean
MgO(001) surface by only ~ 0.02 electron at the interface O atom, while the population of
the other atoms remains almost unchanged. Thus, any strong direct reaction between Fe and
MgO can be ruled out.

Shown in Fig. 6(b) is the spin density contour plot of ferromagnetic 1Fe/MgO(001) in
the (100) plane. Large positive spin density is seen at the overlayer Fe atom. showing a d-like
shape. Some negative spin density appears in the interstitial region between the overlayer Fe
atoms (i.e., the region above the interface Mg atom). At the interface O atom, the positive
net spin density has a p-like shape, indicating the slight influence of the magnetic Fe overlayer
on the 2p electronic states of the interface O. The other atoms, i.c., all Mg atoms and the
non-interface O atoms in the MgO(001) substrate, show almost no net spin density. The cal-
culated magnetic moment of Fe, 3.07 up. is close in value (1%) to that of a free standing Fe
monolayer (3.10 pg), and hence larger than that of the bee Fe free surface value [6] (2.98 yg)
or Fe monolayers on noble metal (Au and Ag(001)) surfaces [31].

The charge density shape of the MgO substrate in 2Fe/MgO (not shown) is close to
that seen in both 1Fe/MgO and clean MgQ, a result of the lack of interaction between Fe
metal and the MgO substrate. The charge density of the surface Fe atom shows surface-like
features tvpical of metal surfaces, while that of the interface Fe(S-1) atom shows some influ-
ence from the substrate. The layer-projected charge and spin populations of 2Fe/Mg((001)
show that the surface Fe atom has a total muffin-tin (M.T.) charge of 6.40 electrons or about
~ 0.1 electrons more than that of Fein 1Fe/MgO. The interface Fe (S-1) atom has a total M. T.
charge of 6.43 electrons, a value very close to that of the surface Fe. Again, the charge pop-
ulation of the MgO substrate atoms is almost unchanged from that of clean MgO or 1Fe/MgO.
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The calculated spin density in the (100) plane of the 2Fe/MgO(001) slab {not shown
for lack of space) shows large positive spin densities at the two Fe atoms, with a strongly
anisotropic shape. Positive spin density appears also at the interface O atom, similar to the
1Fe/MgO(001) results. Negative spin density is found in the intersiitial regions between the
I'e atoms. The total magnetic moment of the surface Fe in 2Fe/MgQ is 2.96 jig. which is
close in value to that of the free bec Fe(001) surface atom, 2.98 pg. Very interestingly. the
interface Fe atom has a magnetic moment, 2.85 ug, which is smaller than that of the surface
Fe by only ~ 0.1 pg. Compared with the calculated magnetic moment of the bulk-like bee Fe
atom, 2.25 pug. both the surface and interface Fe atoms have largely enhanced moments {hy
32% and 27%, respectively).

In conclusion: (i) MgO(001) forms an extremely non-interactive substrate for Fe thin
films, and the scale of charge diflerence induced by the Fe/MgQ interface effect is limited
to less than 0.02 electrons/atom. Thus, Fe/MgO(001) might be an ideal two-dimensional
clectronic/magnetic system. It is also anticipated that other similar systems, i.e.. transition
metals interfaced with stable ionic insulator substrates. will vield interesting features of an
ideal two-dimensional system. (ii) Monolayer Fe adsorbed on an Mg(001) substrate shows
a giant magnetic moment {~ 3.07 pg) which is close to that of a free standing Fe(001)
monolayer (~ 3.10 p5). This moment is even larger than the previously calculated monolaver
Fe moments in Fe/Ag, Fe/Au and Fe/Cu, ete. (iii) In 2Fe/MgO(001). the surface Fe atom
has a magnetic moment of 2.96 pg. which is close to that of the fec Fe(001) surface (2.98 ug).
Interestingly, the interface Fe atom (5-1) also shows a large magnetic moment, 2.85 ug. as
well as a density of states extremely close to that of the surface Fe atom - again indicating
the extremely weak iuterface effect on Fe from the MgQ(001) substrate.

CONCLUSIONS

We have presented results of state of the art local spin density (LSD) calculations using
the highly precise FLAPW total energy method on some novel systems. The work described
here gives a good indication of the power and applicability of the LSI) approach to treating
what are complex materials with an all-electron approach that can simultaneously determine
the structural, electronic and magnetic properties. Spedific predictions have been made and
comparisons with experiment -- when available — have been given. Clearly. the theoretical
and experimental efforts are still only in their infancy. Much more of both are needed in order
to elucidate the complex properties inherent in these fascinating artificial materials.
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GROWTH AND MAGNETIC PROPERTIES OF METASTABLE STRUCTURES

B.Heinrich, A.S.Arrott, J.F.Cochran, Z.Celinski, and K.Myrtle

Physics Department, Simon Fraser University
BURNABY, BC, Canada, V5A 1S6

Ulrrathin magnetic metallic structures have become a major field in material science. The
main motivation stems from the ability to grow epitaxially a variety of interesting systems:
Well defined interfaces have been prepared exhibiting unusual anisotropic properties 1. 2; new
metastable structures were grown which do not exist in nature3-4-3; and multilayered and
supedattice structures were formed exhibiting unexpected exchange and electron transpornt
properties® 7.8, Experimentalists have benefited greatly by a close cooperation with theoretists.
First principal band calculations have played an immense role and active feedback between
theories and experiments have helped and speeded up the whole field of metallic epitaxy. The
applied aspects of metallic epitaxies have been persued in parallel and provided needed
inspiration and excitement.

It should be pointed out that all these advances and future progress in atomic engineering
would not be possible without Molecular Beam Epitaxy (MBE) techniques such as controlled
atomic beams in ultra high vacuum (ow 1010 torr range) and using state of the ant surface
science tools such as Reflection High Energy Electron Diffraction (RHEED) and Auger and
XPS spectroscopies whose power has been further augmented by adding to them the spin
polarized and angular resolved options.

In this paper we summarize our recent studies of metastable multilayer structures composed
of bee Fe, bee Ni, bee Cu and lattice expanded Pd. Besides presenting their interesting
physical properties we would like to highlight two experimental techniques: RHEED and
Feromagnetic Resonance (FMR). We found these techniques to be extremely effective and
useful in the MBE studies of ferromagnetic metallic structures.

The expression "ultrathin” will be used throughout the whole paper, therefore a word of
explanation is needed. Ultrathin films (layers, overlayers, bilayers, trilayers) are epitaxial
structures thinner than the exchange length: (A2aMg)12 ( = 3.3nm in Fe), where A is the
exchange stiffness constant. Magnetic moments separated by a distance smaller than the
exchange length are locked together by the exchange interaction. A system having a spatial
scale smaller than the exchange length responds as a single unit to the total torque acting on
the system.

GROWTH STUDIES

Epitaxial growth of our uitrathin structures was carried out in a Physical Electronics MBE
system-PHI-MBE 400. This MBE system is equipped with RHEED, allowing one to monitor
the growth and a double pass CMA analyzer which permits the Auger (AES) and X-ray
photo-electron spectroscopy (XPS) studies. The RHEED screen was equipped with a
magnifying lens which focussed a small area of the RHEED screen onto a photomultiplier tube
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in order to measure either the intensity of the RHEED specular spot as a function of the film
thickness or to scan a diffracted beam to obtain a measure of the atom-atom correlation
function of the surface.

All our growths were carried out on bulk singular Ag(001) (©<.259) substrates 15 mm in
diameter and 3.5mm thick. They were prepancd by standard metallographic techniques!!.
Ag(001) substrates were ion etched using a 2 keV Ar* gun in UHV in a typical thermal cycle:
starting at 550° C the substrate was annealed for 1 hour and then sputtered for 10min , the
substrate temperature was then decreased by 50° C and sputtered and annealed for 30 min.
The substrate temperature was reduced by 50° C steps with 30 min. of sputtcr—anncalmg at
each temperarure. This process was repeated until 350° C was reached. At 350° C the substrate
was not sputtered anymore, but annealed for 10 min. and then cooled down to room
temperature. The substrates prepared in this way exhibited sharp RHEED pattems with short
RHEED streaks and an easily identifiable specular spot. No visible impurities were present in
the Auger spectra. During the deposition the vacuum in the growth chamber was held in low
10-10 torr. The substrate was held at room temperature to avoid atomic intermixing between the
substrate and overlayers.

The quality of growth was monitored by RHEED intensity oscillations. RHEED oscillations
were observed by monitoring the intensity of the specular spot with the primary electron beam
directed close to the first anti-Bragg condition. Computer simulations were carried out!9to
detemine the the role of surface roughness on the amplitude of RHEED intensity oscillations.
We found that a growth having 3 or more unfilled atomic layers does not show any RHEED
oscillations. In our view the presence of RHEED oscillations indicates a good epitaxial
growth having the surface roughness confined mostly to the top two atomic layers. The film
fommation evolving in this manner will be termed "layer by layer growth”. The overall
homogeneity of a deposited film was determined by monitoring the intensity of the dominant
substrate AES peaks as a function of the film thickness.

Epitaxial growth is expected when the square lattice mesh of the deposited film is closely
matched to the substrate mesh. Fe(001) grown on a Ag(001) substrate is a typical example. It
turns out that this rule can be extended in some cases to metastable structures. The strongly
attractive potential of the interface traps add-atoms in its square mesh and often results in
lattice structures corresponding to that of the substrate.

Ni, Cu and Pd grow well on Fe(001) substrates. Large RHEED oscillations show that their
growth proceeds in a layer by layer mode, Fig 1. We found that Fe(001) layers can also be
grown well on Cu(001) and Pd(001) templates. In this way a variety of ultrathin epitaxial
structures were formed such as Fe/Ni, Fe/Cu, Fe/Pd bilayers and Fe/Cu/Fe, Fe/Pd/Fe trilayers.
The growth and structural details are presented in our papers 25.11, Here we present only a
brief summary pertinent to a discussion of the magnetic properties.

(a) Fe(001): 1t is well known that the square lattice of the Fe(001) matches well that of
Ag(001) if the cubic unit cells are rotated by 45°. However it is less well known that an

! Fig. 1. RHEED intensity oscillations
measured at the specular spot during
i '9/\ /\/ 1 growth. The 5 ML Fe film was grown on
a Ag(001) substrate and the Cu,Ni and Pd
films were grown on 5,6 and S ML films
J \/,\,\/\/\/\;‘t\ir:mifin of Fe on Ag(001) substrates. Note that the
reconstruction of the Cu film produces a
clearly visible change in the RHEED
intensity oscillations. The angle of the
beam was = 1° with respect to the sample
\/\/\/‘\/\/ surface. The sample was rotated
Pd7  azimuthally so that the beam was directed
5° from the [110] in plane axis to avoid
the Kikuchi lines.

[

RHEED Specular Spot lmcnsity (arb. units)

400 T|me (sec.)
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appreciable vertical mismatch remains due to the large tetragonal distortion between the fcc
and bec lattices. Therefore the presence of atomic steps affects the growth, and consequently
the magnetic properties of Fe grown on singular Ag(001) substrates. The Fe(001) films
showed regular RHEED oscillations only after 2ML were grown, see Fig 1. This is a healing
distance for covering atomic steps. The Fe(001) RHEED streaks are not common. The Fe(001)
RHEED streaks very quickly develop (after ~ 2 ML) a narrow split which is azimuthally
symmetric!3, see Fig 2a. Once the split is created it remains throughout the whole growth. It
was shown by Henzler's group in their work on W(110)4 that such behavior is consistent with
a simple nucleation and growth mechanism in which a new atomic layer stasts to form around
nucleation sites. The nucleation sites are randomly distributed but they maintain an
approximately equidistant separation (the inverse value of the streak splitting, ~3.0 nm ). The
growth proceeds by attaching deposited add atoms to the edges of atomic islands which have
been already formed, see Fig 2b. The continuing presence of RHEED spot splitting shows that
anew set of atomic islands is nucleated ( on the top of an already existing set ) before the
expanding atomic islands coalesce to form a complete atomic layer. Clearly the Fe growth
proceeds with at least two unfinished atomic layers. Large RHEED oscillations and our
computer simulations suggest that only two partly covered atomic layers exist at any moment
during the growth.

(b) Ni(001): The first 3 ML follow the bce stacking with the same lateral spacing and the same
vertical relaxation as observed for Fe(001)!3. After reaching a critical thickness, 3ML,, the Ni
overlayers transform gradually to a more complicated structure2. The transformed "bce Ni"
shows that the main features of the RHEED pattems along the {001) and {110} principal
azimuths remain, but the RHEED pattems along {110} azimuths show in addition weak
diffraction streaks positioned 2/5 of the way between the bee streaks. The additional
superattice streaks are also visible for azimuths away from {100} and {110} directions. Their
complicated dependence indicate that the Ni transformation is a rather severe distortion of the
basic bece lattice.Structural modifications occuring after the bee overlayers reach a critical
thickness suggests that the minimum energy atomic spacing of the bcc Ni metastable structure
does not match the bee Fe substrate spacing. The elastic energy stored in the initial strained
homeomorphic bee Ni structure is eventually released and the lattice transforms and develops
a network of crystallographic defects which in the simplest description can be represented by a
network of misfit dislocations. Much as we might like to know an exact distribution of atoms
in the ransformed "bcc Ni" or whether the local order is bec or fec, it is more important to
realize that "bee Ni" overlayers in Fe/Ni bilayers form a unique structure accompanied by
magnetic properties which are truly different from those observed for fcc Ni and bee Fe. Even
though we do not yet know the atomic structure of "bcc Ni", we can use in-situ RHEED to
identify this structure from its characteristic diffraction features.

(c) Cu(001): The growth of Cu(001) overlayers maintains the in-plane symmetry of the
Fe(001) substrate for the first 10-11 ML compared with Ni(001) overlayers which could be
grown that way only for the first 3 ML. The RHEED streak separation for Cu(001) overlayers
is approximately 1.2% smaller than those for the Fe(001) layers indicating a corresponding
increase in the Cu(001) lattice spacing5. It would require a 12.5% distortion to match fcc Cu to
bee Fe(001) square mesh. The angular resolved XPS (ARXPS) studies by Egelhoff et all6 of

Fig. 2a RHEED pattern along the {11} Fig. 2b Pattern of islands during Fe growth.
azimuth for 5 ML Fe on Ag (001) substrate.
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epitaxial Cu on Ag(001) ( note that the Ag(001) and Fe(001) templates are very similar)
showed that a vertical contraction occurs which yields a lattice quite close to the bce structure.
One can therefore conclude that the Cu(001) overlayers grow on Fe(001) in a nearly perfect
bee structure. The RHEED patterns are significantly altered when the Cu(001) overlayers
reach a critical thickness. The {100} azimuths develop two additional symmetrically spaced
streaks, suggesting that the Cu(001) superlattice repeats along the {100} azimuths every three
unit cells. Superlattice streaks along the {110} azimuths do not seem to be commensurate with
the lattice and this is similar to our observations on the transformed "bcc Ni'".

(d) Pd(001): RHEED patterns show that the growth follows the Fe(001) square mesh very
closely, no visible reconstruction are visible for films thinner than 12 ML12. An excellent
coverage of the Fe substrate layer is also evidenced by a well defined exponential decay of the
Fe L3VV Auger intensity with an increasing Pd thickness. The electron mean free path in Pd is
even 20% (5.6 ML) smaller than the value calculated from the universal Seah-Dench's formula
(7ML). The lateral spacing in Pd(001) is identical to that of the Fe(001) subsirate. Since its
lateral spacing is 5% larger than in the regular fcc Pd one can say that this structure is
metastable and very likely fcc; however the last point must be left to future LEED and ARXPS
studies to decide.

MAGNETIC STUDIES USING FMR

FMR is an extremely sensitive tool. One ML of Fe can be easily detected; and it is a
relatively simple technique which is not expensive to implement.
The Landau-Lifshitz equation of motion for the magnetization, M, is

lﬁ = ﬁXﬁe:ff

—Y ot

where M and Hefr have contribution from both static and dynamic components, that is M =M
+m and Hegr = Ho+h+hg+Hy+hg+hex, Mg is the equilibrium saturation magnetization and m
is the if component of M. Hy is the static internal field usually applied in the plane of the
specimen (parallel configuration). h is the parallel component of the applied 1f field.

hg = - 4nDm, is the demagnetizing field perpendicular to the sample surface. The
demagnetizing field in ultrathin layers depends on the number of atomic layers 2. The
anisotropy field Hk depends on the direction of the magnetization M with respect to
crystallographic axes. The intrinsic damping will be described by the Gilbert damping hg= -
i(wr/y) (G/Y) m /M2, where G is the Gilbert damping, o is the microwave angular frequency
and vy is the spectroscopic splitting factor. hexc is the exchange field2.

Ultrathin films of cubic materials grown along [001] crystallographic direction exhibit
tetagonal symmetry. In ultrathin films the magnetic moments across the sample are nearly
parallel. The system responds as a rigid unit. The total torque is shared equally by all
moments. Consequently the surface anisotropies divided by the film thickness, d, appear as
effective bulk-like anisotropies!”. The magnetocrystalline anisotropy energy can therefore be
written as:

$
1. effr 4 47 1 _eff 4 Ky 2 ff
E=—§Ke”, [ax +(X.y —'2‘K”_ az—?uaz where Ke]"=K]”+-(lil<S]”
koK, +éx<fL )

where ay, ty, @, are directional cosines with respect to [100), [010] and [001] crystallographic
axis; and Ky , Ky, Kf| , K}y are the bulk and the surface 4th order anisotropies
respectively. K3 is the uniaxial surface anisotropy perpendicular to the sample surface.When
the saturation magnetization, M, is oriented in the plane of the film (parallel configuration)
the 4th order perpendicular uniaxial anisotropy plays no role in FMR. On the other hand when
the saturation magnetization is perpendicular to the film (perpendicular configuration ) the in-
plane 4th order plays no role. Note that the perpendicular uniaxial anisotropy acts like the
perpendicular demagnetizing field resulting in the effective demagnetizing field,
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4nDMegr = 4ntM 2K $/(Ms d) . Positive Kj creates an effective field which tries to orient the
M; along the normal.
The linearized L-L equations of motion lead to resonance conditions:

(9]2 =[Ho + 4ntDMegf + '25:1411; (3 +cos 4¢)] [Ho + gm‘il cos 4¢] (parallel FMR)

Y (2a)
o 2Keff
Z=H, - 4"DMgs + M“- (perpendicular FMR)
¥ $ (2b)

where ¢ is the angle between the saturation magnetization, Mg, and the in-plane [100]
direction. Equations (2a) and (2b) summarize algebnaicly the power of FMR. The in-plane
angular dependence of the resonance fields determines K5} . The variation of the resonance
fields with applied microwave frequencies (at least two microwave frequencies are required)
determines the effective demagnetizing field 4rDMegp= 4nM; - 2K§ /Mg and the
spectroscopic splitting factory (or g-factor ). The 4th order perpendicular anisotropy, K,
can be determined by perpendicular FMR measurements.

The frequency dependence of the FMR linewidth in ultrathin films can be described by

aH= AH©O+ 1162 C - 3)
Yy oS
where the frequency dependent part is caused by the intrinsic Gilbert damping anising from the
spin-orbit contributions to the electron valence band energies. The frequency independent part
AH(0) is caused by magnetic inhomogeneities!8. In ultrathin structures the magnetic
inhomogeneities contributing to FMR linewidth are caused by crystallographic defects which
are on a scale comparable to or bigger than the exchange length.
Note that FMR condition can not be used to determine the saturation magnetization M.
However the total integrated intensity of the FMR signal is directly proportional to to the total

magnetic moment of the specimen:
[Hemr + 4rMg)est]

TocMcd
§ [2HpMR + (4nMs)est]

Therefore FMR can be used to measure the relative magnetic moments. In our measurements
the reference samples SFe/Au(001) and 10Fe/Au(001) are commonly used (5 and 10
represents the number of ML).

Exchange coupled ferromagnetic layers

Magnetic ultrathin bilayers and superlattices separated by non magnetic interlayers are
increasingly gaining prominence. We have presented a detailed model of exchange coupled
ultrathin structures?. In this limit the static magnetic moments are parallel throughout the
structure and rf magnetic moments are parallel in each constituent ferromagnetic layer. There
are two resonance modes: The low frequency acoustic mode in which all moments are parallel
and the high frequency optical mode in which the magnetic moments of two adjacent
ferromagnetic layers are out of phase. The character of the interlayer coupling can be easily
identified from the relative position of the acoustic and optical modes. In FMR the optical
mode is located at a higher field than the acoustic mode for antiferromagnetic coupling and the
optical peak is located at a lower magnetic field for ferromagnetic coupling. The optical
modes are easy to identify since their intensities decrease rapidly with an increasing exchange
coupling. In our theoretical treatment the exchange interface energy, EAB is given? by

EAB= - 4 (AAB/a) (MA/MA) (MB/MB),
where AAB (in the ferromagnetic bulk AAB ~10-6 ergs- cm!) is the exchange coupling
coefficient between layers, MA, MB are the saturation magnetizations of adjacent layers A and
B, and a is the lattice constant. The positions and intensities of both modes depend in a
complicated way on the strength of the exchange coupling. Simple behavior occurs for either
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the tivial case of fully decoupled layers or for strongly coupled layers. In strong coupling
only the acoustic mode is observed. Its position is determined by the overall bilayer properties
( given by a simple scaling law involving the effective fields of the individual layers2.

One should point out that in FMR ( homogeneous driving) the optical mode is visible only if
' the Fe layers have different resonance frequencies in the absence of exchange coupling. In our
‘ case that was achieved by using Fe films having different thicknesses (5 and 10 ML) which
resulted in different contributions to the perpendicular uniaxial field, see eq. 1 .

RESULTS OF MAGNETIC STUDIES

Bcec Ni, bee Cu and lattice expanded Pd epitaxial structures are magnetically unique systems.
The Cu 3d band is filled and therefore non magnetic. The ground states of bce Ni were studied
theoretically by Marcus and Moruzzi22 They showed that the ground state of bce Ni is non-
ferromagnetic, but that lattice expanded bee Ni can result in magnetic moments comparable to
that of fcc Ni. Pd closes the 4d transition group of elements. The Pd 4d bands are not entirely
filled. The strong intra-atomic Coulomb interaction between 4d electrons is responsible for an
anomalously large Pauli susceptibility. The repulsive intra-atomic Colulomb interaction is so
strong that the 4d band is near the threshold of becoming ferromagnetic. Numerous
experiments were carried out to test the tendency for Pd to become ferromagnetic. Those
include the giant magnetic moments of magnetic impurities in host Pd19, the giant Pauli
susceptibility enhancement in [ Ag/Pd] superlattices? , and the induced magnetic moment in
bulk Pd by submonolayer Fe overlayers2!. However none of these experiments observed a
long range magnetic order in metallic Pd. Recent first principles band calculations 23 suggested
that a long range ferromagnetic order could be established in a 5% expanded Pd lattice.
Ni@01): Two Ni(001) structures the pure bce and transformed "bee Ni" showed very different
properties. The magnetic moment in Fe/Ni bilayers was enhanced by both the pure bce Ni and
lattice transformed "bee Ni". The saturation magnetizations of both forms of bee Ni , ~5 kG,
are nearly as large as in fcc Ni. This is in agreement with the calculations by Moruzzi and

Marcus22,
: a | T T T ] O“ [- T T T
10 . Z100° o497k =
— f =36.35GHz > 1 1 =
) i 9 L 41.0 (E_
g9 T=77K 1 2 ot ] =
= Z 9r -
2 s | 1og &
£ osf 1e | 108 =
8 2 gl ] £
c =~ B b
g .0 £ | 06 £
3 / - - 4 E
= 7t A =
6r 12 [m 0.4 2
l 1 L | @] 1 - 1 1
0 15 30 45 -135 -90 -45 0

d.c. Field angle from [100]) (degrees) Angle of magnetic field from [100] axis

Fig.3a The angular dependence of the FMR fields for a 9Fe/15Ni sample. The dashed and
i solid lines are the calculated angular variation; the dots are resonance experimental values.
The solid line corresponds to the case where the magnetization is allowed to drag behind the
applied d.c. field. The dashed line corresponds to the case where the magnetization is assumed
to be panallel to the applied field. Fig.3b. The in-plane angular dependence of FMR linewidth
fora 6Fe/10Ni sample at 36.6 GHz. The superimposed solid curve is a fit to the observed
angular variation in the FMR resonance field values.
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However it was the lattice transformed "bcc Ni” which showed truly remarkable magnetic
properties 2. The in-plane 4th order anisotropies were significantly enhanced in bilayers with
"bee Ni', no enhancement was observed in bilayers having bee Ni. The 4th order anisotropies
in Fe/Ni bilayers far exceeded those observed in regular 3d transition metals and their alloys.
Effective fields, 2K /M;, at room temperature are easily controlled by an appropriate choice of
the Fe and Ni layer thicknesses. The angular dependences of the FMR linewidth and the FMR
field in transformed bilayers show a very similar behavior, see Fig 3b Obviously both
anisotropies have a common origin. The microwave frequency dependence of AH showed a
typical linear dependence with a zero frequency offset AH(0), see eq. 3.The linear slope
corresponding to the intrinsic Gilbert damping is isotropic as it is in all 3d transition metals; it
is the AH(0) which is strongly angular dependent. As we pointed out, AH(0) is caused by
sample magnetic inhomogeneities and therefore the origin of the in-plane 4th order anisotropy
must lie in crystallographic faults generated during the Ni overlayer transformation.

The strong angular dependence of the FMR linewidth could indicate that the measured 4th
order anisotropies were of dynamic origin. However, the angular dependence of the FMR field
exhibited clear features of a lag of the direction of the saturation magnetization behind the in-
plane applied dc magnetic field, see Fig. 3a. A lag of the saturation magnetization is a clear
indication that the measured anisotropies are truly a direct consequence of a static 4th order
term. It is remarkable that crystallographic defects triggered by the lattice mismatch can create
well defined 4th order anisotropies. To our knowledge these Fe/Ni bilayers represent the first
system in which controllable 4th order anisotropies were engineered by a lattice relaxation.

The crystallographic defects have to satisfy the fourfold in-plane symmetry. If we were to
assume that these defects are described by a simple network of misfit dislocations then they
would have to be equally distributed between the {110} directions. Large anisotropy due to
dislocation arrays might be attributed to the enhancement of the spin orbit contribution to the
3d band energies which appears with broken symmetry around crystallographic defects.

Bee Cu(001: Fe/Cu bilayers with lattice transformed Cu(001) overlayers (d>12 ML) did not
show any enhancement of the in-plane 4th order anisotropy. Therefore the magnetic state of
the lattice transformed "bceNi" is a crucial factor in the development of large in-plane
anisotropies.

Fe/Cu/Fe trilayers showed very interesting behavior in magnetic coupling. Since the
exchange coupling through bee Cu(001) will be described in a separate paper presented at this
School?4 only the main results will be briefly listed: We found that bcc Cu(001) interlayers

9. - 12.6 ML thick couple the Fe layers antiferromagnetically. The maximum
antiferromagnetic coupling occurred at ~11 ML ( AAB=— 1.6 10-9 ergs- cmr1). The crossover
to ferromagnetic coupling appeared when the Cu(001) interlayer thickness reached ~8 ML.
Lattice expanded Pd(001): The magnetic parameters of constituent Fe layers and their
exchange coupling in Fe/Pd/Fe trilayers were determined by using the full theory of exchange
coupled Fe bilayers starting from the magnetic properties of the individual Fe layers (5Fe/8Pd,
8Pd/10Fe). The final adjustment of the magnetic parameters was carried out by using a
"Minuit” least squares fitting routine. It tumns out that the exchange coupling is the only
variable which is strongly dependent on the Pd(001) interlayer thickness. All other
parameters, especially 4nDMeff, are very close to their single Fe layer counterparts. However a
noticeable difference was found for some in-plane 4th order anisotropies. Results are
summarized in Table L.

FMR measurements of exchange coupled trilayers show the power of resonance techniques.
The positions of acoustic and optical peaks identify quickly the type of coupling and their
exact positions determine quantitatively the strength of the exchange coupling. In all our
Fe/Pd/Fe trilayers the optical mode occurred at a smaller field than the acoustic peak showing
that the exchange coupling is always ferromagnetic. This result is expected since Pd should be
very inclined to become ferromagnetic.The truly surprising result is that this coupling is very
weak even for Pd interlayers less than 10 ML thick. 7ML thick Pd is significantly less coupled
than an equivalent bcc Cu(001) interlayer. In fact only the 4ML thick Pd layer results in strong
coupling, no optical mode was observed, and we believe that this layer is ferromagnetic
throughout the whole Pd layer. Ferromagnetic 4ML Pd interlayer has to be ferromagnetic since
the spin polarized calculations?5 indicate that each Fe interface should carry two
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Table 1. Magnetic parameters of the Fe/Pd and Pd/Fe bliayers and Fe/Pd/Fe trilayers.
For the trilayers the upper and lower values apply to the 5 and 10 ML Fe films

Sample (4nMg)eft 2 Ki/Ms 100 ARB
*kG) (kOe) (ergs/cm)

295K 77K 295K 77K 295K 77K

SFe/8Pd/20Au 9.40 10.71 116 238 - -

8Pd/10Fe/20Au  16.94 18.56 171 .303 - -
9.44 10.93 108 .232

5Fe/11Pd/10Fe 0.19 0.13
16.73 18.30 209 .339
9.30 10.67 11235

5Fe/10Pd/10Fe 0.08 0.04
16.85 18.63 219 .358
9.38 10.51 119 .238

5Fe/6Pd/10Fe 031 1.35
16.93 18.52 .192 363
9.90 10.14 .149 .186

S5Fe/5.5Pd/10Fe 0.51 1.56
16.87 18.18 193 329
9.97 10.92 110 .192

5Fe/5Pd/10Fe 0.86 2.16
16.49 18.47 243 307

ferromagnetically ordered Pd atomic layers. One extra Pd atomic layer leads to a weak
coupling, see Fig. 4a which implies that the long range ferromagnetic order in Pd is destroyed.
However the samples having interlayer thicknesses between 5 and 6 ML exhibit very strong
temperature dependent coupling, see Fig 4b. The exchange coupling in the sample
5Fe/5Pd/10Fe shows a Curie-Weiss dependence, 1/(T+Tg). A net magnetic moment in the Pd
layer would certainly increase the magnetic coupling between Fe layers since the exchange
torque increases with the moment. Therefore a Curie-Weiss like behavior of the exchange
coupling suggests very strongly that these Pd layers possess a fluctuating moment which is
partly polarized by the adjacent Fe layers.

The temperature dependence of the exchange coupling in thick Pd interlayers is weak and even
reverses its behavior. The 5Fe/11Pd/10Fe trilayer shows a decreased value of the exchange
coupling at LN> temperatures compared with that at room temperature. Therefore thick Pd
layers (d>8ML) do not exhibit fluctuating moments and their temperature dependence
suggests that the exchange coupling is caused by small pants of the Fermi surface which are
sensitive to changing temperature.

g P T T E30 b T T T 1T 7T
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5| AB -10 (€188 1 224p .
g AA 3 8 6x10 _‘:Hg)_) 52 . ¢ 55Pd
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iy ™\ & ¢
) " 8 A A
o @] 12\_ "
Q @ ~ ]
o 2 o
8 3 A TTmeo
gl | 2 6+ . »*
g . s
8 e A
< 1 L 1 =) 0 1 1 1 1 I\ 1

4 6 8 — 50 100 150 200 250 300 350 400

Magnetic field (kOe) Temperature (K)

Fig.4a The absorption derivative vs. applied field for a 5Fe/5Pd/10Fe sample at 36.3 GHz.
The solid line represents the theory using the parameters in Table L
Fig.4b Exchange coefficient vs temperature for 5Fe/xPd/10Fe films (x= 5,5.5,6).
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CONCLUSIONS

We have demonstrated that a variety of interesting and well defined epitaxial structures can
be grown by MBE. The RHEED and Auger intensity studies allow one to detemmine structures
with an accuracy better than 1ML and at the same time to identify various growth modes and
lattice transformations. FMR is a very useful tool to determine quantitatively all magnetic
parameters in ultrathin structures. FMR identified the origin of enhanced 4th order
anisotropies in Fe/Ni bilayers. We can engineer samples having variable 4th order
anisotropies corresponding to room temperature effective fields in the range 0. - 2.5 kOe.
FMR also served very well to study the exchange coupling between Fe layers separated by
non-magnetic interlayers. We have shown that laterally expanded Pd very reluctantly
participates in the long range order. Despite the filled 3d band of bce Cu the coupling in
Fe/Cu/Fe interlayers was found to be antiferromagnetic. The spatial range of the
antiferrémagnetic coupling in bce Cu is even larger than that observed in bee Cr.
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SPIN-RESOLVED PHOTOEMISSION

J. Kirschner
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Freie Universitat Berlin
1000 Berlin 33 Germany

1. INTRODUCTION

Momentum-resolved photoemission has over the past decade developed
into a mature tool for the study of two-and three-dimensional electronic
states at surfaces and in thin films. Though not all complexities of the
emission process have yet been fully incorporated into the analysis of
photoemission spectra (one such problem is temperature), and though sam-
ples with complicated unit cells still pose severe problems for theory
and experiment, a number of excellent review articlesl impressively
demonstrate the present state of the art. However, the electron is
mostly treated as a charged mass only, disregarding its spin. The rich
information contained in the components of the spin polarization vector
is just starting to be fully exploited. Though a number of pioneering
spin-polarized photoemission experiments, both with magnetic2 and non-

magnetic3 samples, had been carried out quite early, the full potential
of the technique became available with the advent of spin- and momentum-
resolved photoemission? in 1981. Since then, progress has been steady
but relatively slow, due to the still unsatisfactory performance of spin
polarization analyzers. Even the best analyzers today suffer from an
intensity loss by roughly three orders of magnitude. This required
specialized equipment, mostly not commercially available, and long
measurement times. No wonder, therefore, that the progress in this field
went parallel to the development of dedicated synchrotron radiation
light sources, which provide sufficient photon flux to (partly) compen-
sate for the count rate losses in the detector. For a review see ref. 5.
AR new chapter was opened when the circular polarization of the photons
emitted above and below the plane of the electron orbit in a storage

range was exploited. Non-magnetic materials and, since very recentlyG,

magnetic samples have been studied in this way. There is now consider-
able promise to circumvent the complexities of a direct spin analysis by
harnessing the spin-orbit interaction in magnetic samples.

The purpose of the present paper is to discuss the origin of spin-polar-
ized photoelectrons both from magnetic and non-magnetic samples and the
information that can be obtained from them. According to the general
topic of this book we concentrate on magnetic samples. For non-magnetic

samples and adsorbates we refer to a recent review!. In sect. 2 we dis-

cuss in general terms the origin of polarized photoelectrons, while
sect. 3 is devoted to a case study: exchange split valence bands in Co.
The combined action of both, exchange interaction and spin-orbit inter-
action, is discussed in sect. 4, where the novel effect of Magnetic X-
ray Dichroism in Photoemission is presented.
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2. THE ORIGIN OF SPIN-POLARIZED PHOTOELECTRONS

There are two main spin-dependent interactions in a solid: exchange
interaction and spin-orbit interaction. Both are always present in any
material, but are most easily observable in different regions of the
electronic structure. Exchange interaction is most clearly seen in the
valence band of ferromagnets or antiferromagnets, while spin-orbit
interaction is most clearly seen in the splitting of core level energies
of the heavy elements. We will see, however, that spin-orbit interaction
may also be observed in the valence band, and exchange interaction in
core levels.

The conceptually simplest case leading tr emission of spin-polarized
electrons is photoemission from the valence band of an itinerant ferro-
magnet. This is shown schematically in Fig. 1.
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Fig.l Schematic representation of the emission of polarized photoelec-
trons from an itinerant ferromagnet. Electrons from minority and
majority states may be analyzed outside the crystal and yield
information on the dispersion of the initial bands.

In a reduced zone scheme the absorption of a photon leads to the transi-
tion of an electron from an occupied state below the Fermi energy Ef to
an empty state above Ep, which looks like a vertical transition because
of the smallness of the photon momentum {which, of course, is conserved
in the transition). If the electron energy in the final state is above
the vacuum level Ey, the electron may eventually be observed in vacuum
and analyzed with respect to its spin orientation (strictly speaking its
projection onto the magnetization quantization axis). It is important to
note that the electron spin is conserved during the transition, if small
photon energies (<<100 keV) are used. Electric dipole transitions domi-
nate magnetic dipole transitions by a factor (hw/mc?) 2where ho is the
photon energy. The point in the Brillouin zone where the transition oc-
curs is, in principle, different for majority and minority electrons
since the bands are shifted by the exchange energy A. Very often, in
particular when slowly dispersing d-bands are studied, the difference is
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small. The upper states are, in principle, also split in energy. The ex-
change splitting of the empty states plays a role for the absorption and
reflection of polarized electrons and for the polarization fine struc-
ture in secondary electron emission, as is demonstrated at another place
in this book8. The exchange splitting is considerably smaller than in
the d-bands, though, and its effects are relatively weak, so that we
neglect it here. The transport of the e.ectrons towards the surface and
their escape into vacuum are, in principle, not independent of the spin
of the electrons. As is known from the analysis of Stoner excitations by
polarized electron scatteringg, the probability of inelastic exchange
scattering is larger for minority electrons than for majority electrons.
Therefore, the number of majority electrons arriving at the surface is
somewhat enhanced, at the expense of the minority electrons. The trans-
mission through the surface is slightly spin-dependent since the surface
potential as seen by majority electrons is somewhat different from that
seen by minority electrons. These effects are known from spin-polarized
LEED and are of order of a few percent difference. These secondary
effects modify the spin polarization as measured outside the crystal,
but at the present level of sophistication of theory and experiment they
may be disregarded here. The essential information, i.e. the spin char-
acter of the initial bands, is preserved. Using the established tech-
niques of photoemission analysis the dispersion of the initial bands
then may be mapped out for majority and minority bands separately. From
this, essential features like the k-dependent exchange splitting or the
crossing of bands with the Fermi surface may be obtained. Also, since
the spin polarization is a vector quantity which is directly related to
the magnetization vector, the magnetization direction in a thin film or
at the surface of a bulk material may be read directly from the spin
orientation of the electrons in vacuum.

A few words, on the character of the photons to be used are in order.
The spin of the emitted electrons does , to first order, not depend on
the polarization state of the light. Therefore, the process works with
unpolarized light. Using linearly polarized light is advantageous since
by parity conservation (i.e. in the absence of spin-crbit coupl.ng) the
space group symmetry of the initial (or final) bands may be found out.
The intensity of particular transitions then depends on whether certain
(non relativistic) dipole selection rules are fulfilled or not. The spin
polarization of the electrons remains unchanged, however. The same holds
for circularly polarized light, to the extent that spin-orbit coupling
in the electron states can be neglected. If this is not so, to second
order the intensities and the spin polarization depend on the helicity
of the light. This will be discussed below and is demonstrated in sect.
S.

Within the three-step-model which we have adopted, unpolarized or
linearly polarized light does not give rise to spin polarization as far
as the dipole operator term is concerned. However, the transmission step
T may in this case also lead to polarized electrons in vacuum. In fact,
in the first momentum- and spin-resolved photoemission experiment4 un-
polarized light and a W crystal were used. The photoelectron polariza-
tion in this case is due to spin-dependent matching of the electron
wavefunctions at the W surface. These effects obey certain spatial and
time reversal symmetries4'10'11 and can be suppressed by a suitable
selection of the experimental parameters. We are interested here only in
the 'matrix element' part of the photocurrent expression and we show
that circularly polarized light leads to polarized electron emission:

j(Ee,k, @ = I<glopli>[2 - D(Ef, k@ - T(Eg, kK, @

We assume two spin-orbit split initial bands I'7 and T'g at the T’ point, a
free-electron~-like final band T'g, and circularly polarized light (see
Fig. 2). The initial states are all occupied by at least two electrons,
in contrast to a ferromagnet where in general each band is occupied by
one electron only. In spite of this, we observe experimentally polarized
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Fig.2 A section of a diamond-type bandstructure around the I point with
spin-orbit split I'g and I'; bands (which is that of GaAs with a
band gap of 1.52eV). The Fg level is 4 fold, the I'7 level two-
fold spin degenerate. The right hand side indicates the transi-
tion with right hand circularly polarized light (6%) correspond-
ing to the dipole selection rules Al = -1, Amj = - 1 in full
lines, those for 67 light in dashed lines. The numbers in circles
give the relative strengths of the corresponding matrix elements.

photoelectrons. In the case shown, we observe ‘up' electrons from the
lower band 7 and 'down' electrons from the upper band I'g for ot light.
If we reserve the light helicity, the spins also reverse. This means,
that by circularly polarized light from the two spin states in each band
one particular state is preferentially excited. The spin orientation is
related to the photon spin orientation-therefrom the name ‘optical
orientation'3¢12  The intensities for both light helicities are exactly
the same, but the analysis of the spin states provides a clue to the
symmetry of the wavefunctions involved. This effect is of fundamental
interest in itself, but also has important applications. For example,
the well-known source of spin-polarized electrons using GaAs or its
ternary compounds uses this effect. In fact, our diagram refers pre-
cisely to this case. As may be seen from the right hand side of Fig. 2,
transitions from I';7 lead to completely positively polarized electrons,
while those from I'g only to -50% polarization since two transitions with
Amj = -1 compete. Since the transition matrix elements are different
with the ratio 3:1 the transition mj = -3/2 - mj = -1/2 dominates. In
the case of GaAs no momentum analysis of the photoelectrons is necessary
if the photon energy matches exactly the band gap of 1.52eV. In general,
different transitions in the Brillouin zone with different final state
spin polarizations tend to null the total yield polarization. Using
momentum analysis, on the other hand, some very detailed results on the
double group symmetry properties, i.e. the spin-orbit coupling in
valence bands have been obtainedl3-15, we mention, that photoemission
from GaAs also allowed to observe clearly the action of the transport
term D on the electron spin. Due to spin-dependent elastic transport
properties along certain directions an orientation of the spin polariza-
tion vector along certain crystallographic directions was observedl®.
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We will resume this discussion in sect. 4 in the context of Magnetic X-
ray Dichroism in photoemission, where we will encounter a similar level
diagram at energies higher by about two orders of magnitude and for a
ferromagnetic material.

3. SPIN-RESOLVED ELECTRONIC STRUCTURE OF ULTRATHIN LAYERS: fct Co ON
Cu(100)

In this section we present a case study of spin-polarized photo-
emission applied to a ferromagnetic thin film system. The system
Co/Cu(100) has been extensively studied and is one of the best known
systems to datel5, 17 1¢s growth has been characterized by thermal atom
scattering and by medium energy electron diffraction (MEED) and Auger
spectroscopy simultaneously during growth. The Cu(l100) substrate had
been characterized by Scanning Tunneling Microscopy. Large, atomically
flat terraces of several hundred nm extension have been found, separated
by coalesced step bands of 10 to 20 atomic layers. On these terraces Co
grows in the Frank-v.d.Merwe mode, i.e. layer-by-layer at room tempera-
ture up to about 450K (above 500K interdiffusion sets in). The Co layer
structure is tetragonally distorted face-centred-cubic (fct). The in-
plane lattice constant is expanded by 2% relative to fcc Co, while the
layer distances perpendicular to the surface are reduced. For a 5 mono-
layer thick film the average tetragonal compression is about 5%. This
has been determined from comparing LEED I-V curves for clean Cu to those
from Cu with Co overlayers. Magnetically these films should behave like
a two-dimensional system since they are much thinner than the character-
istic exchange length. In fact, the ordering temperature T, was found to
depend strongly on the film thickness and to be much smaller than in the
bulk. The critical exponent P was found to be substantially smaller than
in bulk Co. Therefore, it is of interest to see whether the electronic
structure is essentially two-dimensional also, and from what thickness
on three-dimensional dispersion may be observed. This system is also of
general interest, since the spin-resolved electronic bandstructure of
fcc Co was experimentally not known. The reason is that the fcc modifi-
cation does not exist under ambient conditions but only above about
700K. Photoemission studies with fcc single crystals are therefore
hardly possible.

A sample of the experimental photocemission spectra is shown in Fig. 3
for SML at three photon energies. The photon incidence is perpendicular
to the surface and the electron take-off is along the surface normal.
The full lines on the left hand side of Fig. 3 denote the conventional,
spin-averaged, intensity spectra. There are essentially two peaks, one
close to the Fermi energy, the other at about -3eV binding energy. The
former is due to the emission from the Co d-bands, while the latter
stems partly from the d-bands of the Cu substrate and partly also from
the Co layer. The distinction between these contributions has been made
by utilizing circularly polarized light and analysing the components of
the spin polarization vector. The electrons from the substrate have
their polarization parallel or antiparallel to the surface normal, due
to the optical orientation process. They are distinguished from the
electrons from the Co layer by the polarization of the latter being
along the surface plane. This proves that the Co layer is magnetized in
the plane and also demonstrates how the two contributions can be distin-
guished in an elegant way by exploiting spin-orbit effects in the Cu
bandstructure.

The Co-derived peak near Ep seems to be independent of the photon
energy, while the broadening at 24eV must to a good part attributed to a
decreased resolution of the monochromator. Photoemission peaks near the
Fermi energy which do not disperse with photon energy are often
attributed to surface states. Since a surface state, being a two-dimen-
sional state, is characterized by a wave vector kl‘ parallel to the sur-
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face, its energy 1is independent of the wave vector component k] along
the surface normal. Since this component only is changed in normal emis-
sion when changing the photon energy, a surface state emits electrons at
all photon energies at the same energetic position relative to Ep. At
first glance the experimental results therefore seem to indicate a two-
dimensional electronic structure of the Co film, apparently in line with
its two-dimensional magnetic behaviour.
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Fig.3 Total intensity spectra (full lines, left hand side) and polar-
ization distribution curves (right hand side) from the system SML
Co/Cu(100) as a function of binding energy with the photon energy
as a parameter. The partial intensities (i.e. the total intensity
decomposed into contributions from majority electrons (dashed)
and minority electrons (dotted)) are shown on the left hand side.
They indicate the contributions from Co (near Er) and from Cu
(around -3eV).

This picture changes drastically, however, if the spin polarization is
taken into account. The right hand side of Fig. 3 shows the polarization
distributions as a function of binding energy for the polarizatiocn com-—
ponent parallel to the surface plane. Here one sees clearly that the
polarization features disperse with the photon energy. The majority peak
moves to higher binding energies while a minority peak moves towards and
below the Fermi energy. This result shows definitely that the spin-split
electronic states disperse with kj, i.e. that there is three-dimensional
dispersion in a film with only 5 Monolayers. The intensity spectra can
now be explained by decomposing them into two components, the one due to
electrons of majority character (dashed), the other one due to minority
electrons (dotted). This is strictly allowed only in the Co-region where
there are no electrons with other spin orientations. In the Cu-region
this decomposition is incorrect, but the non-equality of dashed and
dotted curves shows that there are Co states also in this region (e.g.
at -2.4eV for hv = 16eV). The total polarization vector is oblique in
this energy range. The partial intensities in the Co region show that
the apparent intensitivity of the spin-averaged intensity with respect
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to the photon energy is accidental and does not indicate the presence of
a surface state. The peak changes its spin character fiom predominantly
majority-type at hv = 1l6eV to predominantly minority type at hv = 24eV.
This result could not have been obtained by conventional means and it
demonstrates nicely the large amount of additional information contained
in the spin polarization vector.

Since we know now that there is three-dimensional disper_ion in a 5ML
film, the question a:zises over what thickness range the transition from
2D to 3D states of Co occurs. We found the following: even 2ML show al-
ready some 3D dispersion; for 3ML the dispersion is already close to
that for 5ML, and at S5ML it is practically indistinguishable from that
of 8 or 10ML which is considered bulk material. Therefore we compare our
dispersion data for SML to a band structure calculationl8 for fcc Co at
its bulk lattice constant in Fig. 4. The minority and majority bands
(dotted and dashed, respectively) may change from one into the other at
hybridization points due to spin-orbit coupling which is fully taken
into account in this calculation. The experimental data points are given

fcc-Cobalt

magnetization MLla

m
-

1]

o

binding energy (eV)

wave vector k,

Fig.4 Comparison of experimental spin-resolved dispersion of bands from
a S5ML thick film of fct Co on Cu(100) with a fully relativistic
bandstructure calculation for fcc Co.

in full (majority) or open (minority) symbols. The circles have been ob-
tained at normal incidence of the light, the squares at oblique inci-
dence, both at normal electron emission. This serves to distinguish dif-
ferent (single group) symmetries of the initial bands. The final states
have been assumed to be represented by free-electron-like parabolae
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fitted to the calculated empty band states. We note quite good agreement
of experiment and theory with respect to the spin character, the single
group symmetries, and the energy eigenvalues. The exchange splitting is
somewhat smaller in the experiment, and we find a systematic deviation
in the topmost minority bands just below Er. The experimental dispersion
is seen to be somewhat weaker than in theory and the crossing with the
Fermi surface ~crurs somewhat closer to the X point. At this point we
recall that the experiments have been carried out on tetragonally dis-
torted fcc Co, while the theory assumed a strictly cubic crystal. It was
checkedl®, that the slight expansion in the plane by 2% does not bring
about such changes. We speculate that the stronger compression along
[100] might move the topmost bands somewhat below Ep. This will have to
be studied by band structure calculations allowing for non-cubic unit
cells.

We close this section with the remark, that this direct comparison of
spin-resolved experimental bands with spin-polarized fully relativistic
band structure calculations is the first of its kind. We found it quite
surprising that even in ultrathin films, only a few monolayers thick, a
three-dimensional dispersion of the electronic states develops which is
very close to that of the bulk. While this observation has also been
made on a few paramagnetic systems by now, we find it remarkable that a
ferromagnetic layer with an exchange-split bandstructure shows the same
behaviour, in spite of its magnetic properties being largely character-
istic of a 2D system.

4. MAGNETIC X-RAY DICHROISM IN PHOTOEMISSION

In the preceeding section we made use of circularly polarized light
to distinguish contributions from the paramagnetic substrate, leading to
polarized electron emission via spin-orbit coupling in the valence band,
and a ferromagnetic overlayer with spin-split states due to exchange
interaction. In this section we will discuss an effect of the combined
action of exchange and spin-orbit interaction. It will be shown that
spin-dependent effects may give rise to characteristic intensity changes
in photoemission if the relative alignment of photon spin and electron
spin in the sample is changed.

Consider the following experimentlg: An Fe(110) crystal is irradiated by
circularly polarized photons from the BESSY storage ring in the energy
range 800 to 900eV at oblique incidence (~10° with respect tc the sample
surface) . The sample is in a single domain state, magnetized in the sur-
face plane, parallel or antiparallel to the photon spin, i.e. along the
direction of the light beam. Photoelectrons are collected by an analyzer
with a transport lens at an angle of 55° relative to the surface normal,
with an estimated collection angle of 7°. The resulting photoelectron
spectrum averaged over the magnetization directions is shown in Fig. 5a,
upper curve. It shows the well-known spin-orbit split 2p1/2 and 2p3/2
lines of Fe. The new observation is that the intensity depends on
whether photon spin and electron spin are parallel or antiparallel. The
resulting asymmetry function is shown in Fig. 5b, showing a 1large
plus/minus feature and a smaller minus/plus structure. Translating this
back into the partial intensities according to the two electron spin
orientations yields the insert curves in Fig. 5a. These show clearly
that each 1line is split into two lines with a separation of 0.3ev %
0.2ev and 0.5eV + 0.2eV for 2pj1/2 and 2p3/2, respectively. It was con-
firmed that the sign of the asymmetry function reverses, if the photon
helicity is rew 'd, which also proves that the effect is not due to
magnetic stray 1i1ields related to the sample magnetization reversal.

This effect is not to be confused with dichroism in X-ray absorptionzo,
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which is interpreted as being due to the spin-dependence of the empty
density of states above the Fermi level. In our case the photon energy
is about 100eV higher than the electron binding energy. The excited pho-
toelectrons can therefore safely be assumed to be in free-~electron like
final states. The spin~dependent excitation probability must be due to
exchange splitting of the core level states, since it evidently depends
on the orientation of the majority-type d-electrons in the filled part
of the valence band. For better understanding we refer to the level dia-
gram of Fig. 3, thkere used for explaining the origin of polarized elec-
trons from GaAs. Since we now consider atomic levels the notations pi/2,
p3/2 are valid. The same physical processes as there now occur at photon
energies of roughly 800eV and a spin-orbit splitting of ~13eV. If we
shine in positive helicity photons (o%) we will excite selectively up
spin electrons from the pj/2 level and predominantly down spin electrons
(50% polarization) from the p3/p level. As stated above, the intensities
are exactly the same for the opposite light helicity, i.e. no asymmetry
will be found. If the valence band of the material contains aligned
electron spins, such as in ferromagnetic iron, the core levels may also
become split in energy by exchange interaction with the d-electrons.
Since we experimentally observe the excited state of the atom only, one
may assume that the photohole couples to the valence band. However, be-
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Fig.5 The Effect of Magnetic X-ray Dichroism in Photoemission

a) top curve: photoemission intensity distribution in the vicin-
ity of the spin-orbit split 2p core levels of Fe, averaged
over the two magnetization states of the sample, parallel or
antiparallel to the circularly polarized photon beam. The
insert shows on an enlarged scale with zero suppression the
partial intensities for the two magnetization states sepa-
rately. Note the splitting of the peaks, indicating the ex-
change splitting of the core levels.

b) Asymmetry function of the difference of the partial intensi-
ties divided by their sum. Note the opposite behaviour of
plus/minus features for 2p1/2 and 2p3/2.
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cause of the existence of hyperfine fields which are due to an inhomo-
geneous spin density of the core electrons, one may assume an exchange
splitting in the ground state already. This case has been treated by
Ebert2l recently, who calculated hyperfine fields and core level splitt-
ings in Fe. This modifies the level diagram of Fig. 3 in the following
way: the degeneracy of the mj sublevels of the pi/2 level is lifted:
mj = - 1/2 is shifted up (minority state) while mj = + 1/2 is shifted
down. The degeneracy of the four p3/2 sublevels is also lifted - each
sublevel now has its own energy. Only the mj = - 3/2 and the mj = + 3/2
states are pure spin states, while the two mjl = 1/2 states are of
mixed spin character (= 0). If we now apply positive helicity photons and
align them with the majority spins of the sample, we again excite

selectively 'up' (= majority) - electrons from pj1/2, but since their
binding energy is now somewhat greater, they appear at a smaller kinetic
energy. Likewise, we excite preferentially ‘down' (= minority) -

electrons from the p3/2 level which appear at a somewhat higher kinetic
energy. Conversely, when using negative helicity light (or equivalently,
if we reverse the sample magnetization) electrons from the other
corresponding exchange-split levels will be excited. Therefore, when
forming the asymmetry function now, it will not be zero but rather show
qualitatively what we observe experimentally. From our arguments on the
degree of spin polarization in the pj1/2 level being higher than in the
p3/2 level we should expect a larger asymmetry on the 2pj/2 line. One
has to take into account that this line is of weaker intensity and, in
addition, rides on a larger background than the 2p3/2 line. These two
effects reverse the relative magnitudes of the two asymmetry features.

We note that for the first time the existence of an exchange splitting
and its magnitude in the 2p core levels of iron has been denonstrated.
It will be interesting to extend these observations to the 3s and 3p
levels, to see whether the magnitude of the exchange splitting, and with
it that of the coupling to the valence band changes. Also, it remains to
be studied, whether the excited state or the ground state is predomi-
nantly observed. This will also contribute to a better understanding of
dichroitic effects in photon absorption.

We wish to emphasize that this effect of magnetic dichroism, i.e. emis-
sion intensities which depend on the magnetization orientation of the
sample, 1is due to the combined action of spin-orbit and exchange inter-
action. Each of them separately leads to emission of polarized elec-
trons, but only their combination leads to intensity asymmetries. From
the experimental point of view this is of great advantage, since the
technique promises to make an explicit spin analysis obsolete in many
cases. This would represent a gain of about two orders of magnitude in
count rate, since one gains three orders by not using a spin analyzer,
but looses roughly one order of magnitude by going off-plane of the
storage ring. This loss could even be compensated by multichannel detec-
tion at the electron spectrometer exit. Thus, one may envisage magnetic
analyses to be carried out with about the same ease as in present day
standard XPS work.

The technique is element specific and provides information about the lo-
cal magnetic order. For example one may in a ferrimagnet analyse two
magnetic sublattices separately. The technique is also surface sensi-
tive, which makes it ideally suited for studies of magnetism at sur-
faces, interfaces and in thin films, For example one may study induced
magnetic moments in nonmagnetic materials in intimate contact with a
ferromagnet. One may even envisage to study the sublattice magnetiza-
tions in binary antiferromagnets. What is needed is to produce a one-
domain region of the size of the illuminating photon beam aligned with
respect to the photon spin. This can e.g. be accomplished by heating the
sample above the Neél temperature and cool it in a magnetic field. It
seems that the full potential of Magnetic Dichroism in Photoemission has
yet to be explored.
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Initiated by the need for improved magnetic recording media, recently
the ferromagnetism of low-dimensional systems has received wide interest. A
layered system may be realized by epitaxially growing films of a ferromag-
netic material on top of a suitable non-magnetic substrate. The magnetism
of these systems, however, is strongly determined by the electronic struc-
ture of the films which in turn depends on their crystalline structure. The
knowledge of this correlation is of major importance in the understanding
of the magnetic properties of ultrathin films (being a necessary basis for
successful technological application). The task to characterize the crys-
talline and electronic structure may be accomplished by a combination of in
situ LEED and angle-resolved photoemission (ARUPS) experiments. Ambiguities
in the classification of majority and minority spin states in a ferromagnet
(being immanent to the conventional spin-integrated ARUPS method) can only
be avoided by including a spin-polarization analysis of the photoelectrons.
The present contribution outlines exemplarily the interplay of crystalline
and electronic structure in the model system fcc-Cobalt on Cu(100) by means
of the approach sketched above.

RESULTS AND CONCLUSIONS

The structure of cobalt single crystals under ambient conditions is
hcp. A fcc phase occurs only at temperatures in excess of 750 K. Therefore,
despite the structural studies having been performed almost no results
about the electronic states of the fcc modification are available up to
now. Gonzalez et all have shown, however, that fcc-Co thin films may be
stabilized on top of a Cu(100) lattice. This provides a way to investigate
the properties of the fcc phase at or even below room temperature. Our co-
balt films have been epitaxially grown on top of atomically flat and well-
ordered Cu(100) surfaces (see ref. 2 for details of sample preparation). To
ensure a reliable calibration of the film thickness and a thorough charac-
terization of the growth process, each overlayer has been prepared under
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control of medium energy electron diffraction (MEED)?. The sample clean-
liness has been checked by Auger Electron Spectroscopy (AES). A simulta-
neous MEED/AES approach? confirmed the growth to proceed in a layer-by-
layer fashion as already reported earlier!.

The intensity vs. kinetic energy (I(E)) curves have been obtained by
means of rear-view LEED optics, the diffraction pattern being imaged with a
TV camera system. An image processing unit is employed to record the inten-
sity within defined screen areas covering the various diffraction spots
("windows"). The position of each window is continuously readjusted to
trace the individual diffraction spots during a scan of the primary elec-
tron energy E. After the in situ LEED investigations the sample may be
placed in front of the electron spectrometer to analyze its electronic
structure. The spin- and angle-resolved photoemission experiments referred
to below have been performed in normal emission and normal incidence geo-
metry using circularly polarized synchrotron radiation at the storage ring
BESSY. The experimental set-up and the photoelectron spectrometer have been
described in considerable detail elsewhered. Subsequent to the energy anal-
ysis the photoelectrons are analyzed with respect to their spin-polari-~
zation vector by means of a LEED spin detector?.

Fcc-Co films as prepared above are found to be ferromagnetic with an
in-plane remanent magnetization. A surprising feature of this system is the
striking thickness dependence of the Curie temperature, causing films of
less than 2ML to be paramagnetic at room temperature?. Earlier investiga-
tions revealed a three-dimensional initial state band dispersion already in
films as thin as SML3. The spin-resolved electronic structure of these
films agrees well with recent calculations for bulk fcc cobalt?®.

RESULTS AND CONCLUSIONS

The LEED patterns obtained from the Co overlayers (up to 10ML thick-
ness) appear essentially identical to those from the clean Cu(100) surface
with respect to the gecmetrical arrangement of the diffraction spots. In
particular, no indication of any superstructure (e.g. a ¢c{(2 x 2) reported
on earlier!) could be found in the absence of carbon contamination. This
indicates that Co adapts the lateral lattice parameter of the Cu substrate
(a=3.614A), a situation which causes a slight biaxial expansion compared to
the equilibrium lattice constant of bulk fcc-Co (a=3.55A). To account for
this lateral expansion one would expect the Co lattice to be vertically
compressed (assuming a constant volume of the unit cell). This effect may
be indeed concluded from Fig. 1, comparing the I(E) curves of the (00) spe-
cular beam for clean copper (the sample has been rotated off the normal in-
cidence condition by ~ 2° in order to reflect the (00) beam on the fluo-
rescent screen). Obviously the prominent diffraction peaks shift to higher
kinetic energies with increased cobalt coverage. Measurements of the (10)
and (11) beams show a behaviour essentially alike. This shift is predomi-
nantly caused by a change of the vertical lattice constant and can be
translated into an average contraction of about 5%. A similar value may be
extracted from a recent LEED study on thicker films (~ 8ML)%. These experi-
mental results suggest the unit cell of the fcc-Co films to be tetragonally
compressed.

One may raise the question whether the tetragonal distortion will in-
fluence the electronic structure to be observed in the photoemission exper-
iment. Some deviations of the above mentioned band mapping results® from
the band structure calculations for fcc-Co (i.e. the energetic position of
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Fig.1l. Intensity vs. kinetic energy curves of the LEED (00) specular beam
obtained for clean Cu(l100) and two fcc-Co films of different thick-
nesses (2 and 5 monolayers, respectively).

the As band) might indeed be interpreted that way. To clarify this point,
we recorded thickness dependent spin-resolved normal emission spectra at
fixed photon energy, the coverage varying between 2 and 8ML. The results
obtained for the two extreme coverages are shown in Fig. 2. The experimen-—
tal geometry (normally incident light) selects only band symmetries of the
types As;, The maximum spin-polarization at about -0.5eV binding energy is
attributed to transitions from the As band, whereas the small minority con-
tribution at the Fermi level originates from an initial state of As symme-
try. The direct comparison of the spectra reveals a distinct shift of the
minority contribution towards higher binding energies in the 2ML film, with
the majority feature remaining essentially unaffected. This behaviour is
found to be compatible with a recent model calculation for simple tetrago-
nal iron’. There, upon expanding the c-axis along A a d-like band moves up-
wards across the fermi level. Conversely, if we assume a similar behaviour
for a fct~lattice, we would expect the d-band (in this case the Ag band) to
move downwards upon compression. A very similar mechanism has been predic-
ted in photocurrent calculations for fct-copper just recently®.

The above results from LEED and spin-polarized ARUPS clearly indicate
the impact of the crystalline structure on the electronic states in these
ultrathin films. This correlation may have important consequences for the
magnetism, in particular magnetic anisotropies. It should be recalled that
anisotropies depend very sensitively on details of the electronic struc-
ture. Small shifts in the energetic position of the spin-split bands in the
vicinity of the Fermi level could thus lead to strong changes in the aniso-
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Fig.2. Spin- and angle-resolved photoemission from fcc-Co films on Cu(100)
at hv=15eV photon energy. Energy distribution curve (left column)
and corresponding spin-polarization along the remanent sample magne-
tization (right column). Positive (negative) values of the spin-
polarization correspond to majority (minority) spin states.

tropy. This effect might explain findings like the flip in the easy axis of
magnetization as a function of coverage in Fe/Ag(100)2. The characteriza-
tion of the correlations between crystalline and electronic structure cer-
tainly represents a step towards a deeper understanding of the mechanisms
which determine the magnetic behaviour observed in ultrathin layered sys-
tems.

REFERENCES

1. L. Gonzalez, R. Miranda, M. Salmeron, J.A. Verges and F. Yndurain,
Phys. Rev, B 24: 3245 (1981)

2. C.M. Schneider, P. Bressler, P. Schuster, J. Kirschner, J.J. de Miguel

and R. Miranda, Phys, Rev, Lett. 64: 1059 (1990)
3. C.M. Schneider, J.J. de Miguel, P. Bressler, P. Schuster, R. Miranda

and J. Kirschner, J. Electron Spectr. Rel. Phen. 51: 263 (1990)

4. J. Kirschner, in: Polarized Electrons in Surface Physics, R. Feder,
ed., World Scientific, Singapore (1985)

S. C.M. Schneider, P. Schuster, M. Hammond, H. Ebert, J. Noffke and J.
Kirschner, to be published

6. A. Clarke, G. Jennings, R.F, Willis, P.J. Rous and J.B. Pendry,
Surface Sci. 187: 327 (1987)

7. P. Strange, J.B. Staunton and H. Ebert, Europhy. Lett. 9: 169 (1989)

8. F. Maca and M. Scheffler, Spring Meeting of the Deutsche Physikalische
Gesellschaft, Regensburg (1990) and private communication

9. J. Araya-Pochet, C.A. Ballentine and J.L. Erskine, Phys. Rev. B 38:
7846 (1988)

40
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bstract

Ultrahigh vacuum growth techniques are now being employed to grow
single crystal films of magnetic materials. This growth, carried out in
the same molecular beam epitaxy systems commonly used for the
growth of semiconductor films, has yielded a variety of new materials
and structures which may prove useful for integrated electronics and
integrated optical device applications. Examples are given for growth
on GaAs and ZnSe, including magnetic sandwiches and patterned
structures.

The past three decades have witnessed the rapid advance of solid state
electronics, first in replacing discrete elements and finally in integrating
many circuit elements onto one semiconductor chip. Schottky barrier
diodes replaced rectifier tubes, and various manifestations of the three-
terminal transitor replaced the vacuum triode used for signal
modulation or amplification. Resistive and capacitive circuit elements
were also readily transferred to the new integrated circuit technology.
The only fundamental discrete circuit elements which have been left
behind in this revolution are elements involving magnetic materials. In
fact, in all of the dramatic advances made in electronic materials
processing over the past decade, very little work has been devoted to
magnetic materials in order to incorporate them into planar integrated
electronic (or photonic) circuitry. This is unfortunate, because there are
several tasks for which magnetic materials are irreplaceable and these
remain unaddressed in modern integrated electronics. In addition,
there are potential applications which have no analog in vacuum
electronics, but which remain unrealized awaiting the development of
appropriate materials and processing procedures. In this article it will
be shown that ferromagnetic metals can now be prepared in thin-film
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form compatible with semiconductor device fabrication and that their
properties can be exploited for various applications.

Growth of Epitaxial Films

The ferromagnetic metal/semiconductor system which has been
the most thoroughly studied is iron/gallium arsenide, although iron/zinc
selenide now also has a large body of data. Both compound
semiconductors have the zincblende structure, which is composed of
two nested face-centered-cubic structures, one for each of the
constituents. The (unreconstructed) (001 ) face of the zincblende
structure is illustrated in Figure 1a as viewed in the [001] direction
The projection of the unit cell face is illustrated by the dashed line, with
the cubic lattice constant, a,, given for both compounds. The sizes of the
atoms reflect their ionic radii given on the drawing. Also indicated are
the high symmetry axes in the plane. The reason. that these zincblende
surfaces support the epitaxial growth of single crystal iron films is that
the unit cell is almost exactly twice that of body centered cubic a-Fe,
the low temperature ferromagnetic phase, as shown in Figure 1b. In
fact, if one pictures an As or Se terminated (001 ) surface, the Fe atoms
will occupy the vacant ca*ion sites as well as sites of similar symmetry
half-way between any two anion sites along a <1 Q0> direction in the
(001) plane. A pseudomorphic epilayer of Fe arranged like this is under
1.3% compression on GaAs and 1.0% compression on ZnSe. Because of
the factor of two relationship between the two unit cells, oriented
parallel epitaxy is obtained, as follows,

(001) Il (CO1),, : 1100k, 11001, (1)

(110) _11(110) (0011, 1110011,

Fe |

and so on, for all faces in spite of the fact that the substrate is fcc and
the overlayer is bcc. The strain is ultimately relieved by misfit
dislocations, however these are not necessarily generated in the
overlayer. bcc-Fe is such a stiff structure and so tightly bonded to
GaAs, it has been observed in cross-sectional TEM photographs that
dislocations are actually generated at the interface and penetrate into
the GaAs substrate (/). The tight bonding is readily observed if one
cleaves a GaAs substrate covered with a thick (=i uym) Fe film. The film
maintains its integrity and any attempt to tear it apart at the cleave
results in its being peeled off the substrate, tearing small crystallites of
GaAs out of the substrate in the process. This bonding is understood
from photoemission studies which show the formation of FeAs at the
interface, which has a greater heat of formation than GaAs itself. In
fact, on the (1 10) surface of GaAs, which is stoichiometrically balanced,
an Fe overlayer actually displaces the surface Ga layers to form FeAs,
leaving free Ga metal (2). It is interesting to compare the growth of Fe
on the [II-V GaAs with that on [1-VI ZnSe. Although both substrates
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Fig. 1. (a) Unreconstructed (001 ) surface of zincblende structure

terminated in cation layer. (b) Unreconstructed (001 ) surface of bcc a-
Fe.
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have zincblende structures and are closely latticed matched to a-Fe, 11~
VI compounds are much more ionic and less reactive with Fe.
Consequently, photoemission studies show no evidence of Zn-Fe
interchange at the interface. Recent Auger diffraction studies also show
that while Fe exhibits island-like three dimensional growth at 1759C for
low coverages on GaAs, the initial growth on ZnSe at this temperature
proceeds as layer-by-layer two-dimensional growth (3). This growth
temperature was found to be optimum for Fe/GaAs in terms of the
narrowest electron diffraction linewidth. It also correlated well with
the optimum magnetic properties such as narrow ferromagnetic
resonance linewidth (see discussion below). At lower growth
temperatures there is insufficient energy to anneal the metal surface
during growth resulting in increased step density. Higher temperatures
encourage interdiffusion at the Fe/GaAs interface. There is evidence of
As leaving the interfacial region and penetrating into the Fe lattice 10A
to 20A from the Fe/GaAs boundary (1), while there is no such evidence
for Se near the Fe/ZnSe boundary (2). These details of the structure,
composition and chemistry near the interface significantly affect the
magnetic properties of films several hundred angstroms thick. For
certain high frequency resonance modes they also dramatically alter the
electromagnetic boundary conditions at the interface and change the
coercive fields (the applied magnetic field necessary to reverse the
magnetization). These issues affect various applications of the
ferromagnetic films as discussed below.

M  Field

It is well known that magnetic fields applied to semiconducting
materials can produce significant changes in the electrical and optical
properties. Indeed this is one of the most powerful techniques to probe
the electronic structure of semiconductors. These properties change
either because the field shifts the energy of electronic levels or acts
directly on the carriers in the material. However, even though magnetic
fields are widely used for studying semiconductors, they are seldom
employed in applications because of the difficulty of generating large
magnetic fields in device configurations. For example, consider the field
one can generate by simply providing a current carrying conductor
lithographically overlaid in close proximity to some device element. A
simple calculation shows that a one dimensional conductor carrying |
milliampere will generate approximately 2 Oe at a point | uym away
from the conductor axis. This field is too small to be useful, and the
significantly higher power levels for larger current would be
prohibitive,

However, consider the situation illustrated in Fig. 2. Here we have
a ferromagnetic film in which a small gap has been cut. If the
magnetization in the film is uniform as indicated, the magnetic poles at
the interface will give rise to a magneto-static field H = a(4aM) where
asl. Two locations are considered: A in the gap; B in the fringing field
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region. If we assume the gap width equals the film thickness (g=h),
thenat A,a=0.1. At B (a distance 2h below the film's bottom surface)
o =0.02. ForFe, 4nM = 21,500 Oe, which gives H=2 kOe at A and H =
400 Oe at B. These are now fields which may be useful for some
purposes and they are obtained without any dissipative power input
into the system. Furthermore, they are fields which are easily

| manipulated. Fig. 3 shows a hysteresis loop (M vs H) for an epitaxial Fe
film grown on ZnSe. As one can see, the coercive field (Hc) is less than 4
Oe. Fields this size are readily obtainable from a current carrying
overlay line, so one is in a position to rotate or reverse a field of, say,
2kQe from a | um thick film, in a 1 um gap by the application of 4 Oe.
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It is this multiplication of 102 to 103 which encourages one to consider
device structures which include magnetic fields to affect performance.

An example of such a proposed device is shown in Fig. 4. Itisa
magnetic memory element which is a thin-film analog of a ferrite core.
The element is formed by first depositing an epitaxial magnetic film on
a semiconductor substrate, such as Fe on GaAs. Most of the film is
lithographically removed except for the square "picture frame’
structure shown, which is oriented to have its legs parallel to the [100]
axes. These are the magnetically "easy” axes. This structure has only
two stable magnetic orientations: It may be magnetized either
clockwise (as shown) or counter-clockwise. These two states represent
either a 'O’ or "1’ bit, respectively. In order to read which bit is set, a
smali gap is opened in the magnetic circuit as shown and a material is
deposited within the gap which exhibits a large Hall effect. By
maintaining a current through the Hall bar, a voltage is generated
between its upper and lower surface, whose polarity reveals the
magnetic state of the magnetic circuit. Finally, if the GaAs substrate
was prepared, before the deposition of the magnetic and Hall elements,
with a source, drain, and channel which lie beneath the Hall bar, then
the charge generated on the lower face of the Hall bar can be utilized to
bias the FET channel beneath it. Thus in a single compact unit, one has
a non-volatile memory element with semiconductor readout. Since the
magnetic properties are independent of size down to elements of =1 02A
in dimension, the limits of scaling are set by the semiconductor
components. Furthermore, since one feature of the picture frame design
is that it generates no external magnetic fringing fields, elements can be
packed very densely without fear of cross-talk between them. Of
course, to complete the device, one must provide overlayer current lines
which can carry current pulses of appropriate polarity to reverse the
stored bit, but these have not been shown on the figure.
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A second device configuration which exploits magneto-static fields
is illustrated in Fig. 5. This is also a closed magnetic circuit concept,
however it achieves this, not through lithography, but by forming a
sandwich structure. This structure may actually possess four stable
magnetic states if it is properly constructed. Two of them are shown in

—
Fe (110)
H||[100] (c)
‘—_
—
l 1 1 -
-200 -100 100 200

Fig. 5. Magnetic sandwich structure in (a) aligned configuration, and (b)

anti-aligned configuration. (¢) M vs. H hysteresis curve for magnetic
sandwich structure.(4)

47




Fig. 5a and 5b. In the former, the two layers are aligned so that the
structure possesses a net magnetic moment while in the latter they are
antialigned, forming a closed circuit with no external moment. The
other two states are obtained simply by reversing all of the moments in
both figures. This structure has actually been fabricated and the
hysteresis loop is shown in Fig. 5¢ (4). Note that there are four stable
states in zero applied field, not simply the two saturated states shown.
The M=0 states are also stable. If one reaches an M=0 condition on the
loop and then reduces H-0, the system will remain at M=0O in a
remnant state. One might expect from just considering the energy
arising from the magneto-static poles at the edges of the films, that only
the two M=0 states would be stable. In the absence of magnetic
anisotropy that would be true. However the two films possess different
anisotropies because they do not have identical interfaces. One Fe film
is grown on GaAs, the other is grown on Ag. This can give rise to
different strain or structural anisotropies, which in turn can cause the
films to have different coercive fields Hc.. The observed behavior in the
hysteresis 100p simply arises from the fact that the films reverse at
different applied fields and this effect overwhelms the magneto-static
energy contribution. The value of these coercive fields at which
switching occurs may be altered by changing the film thickness and
growth conditions. In the absence of anisotropy, the only remaining
energy would be the magneto-static contribution (assuming that there
is no coupling through the intervening Ag film). In that case, there
would be only two stable states, as with the picture frame, with M=0.
Such a structure is in fact utilized in a thin film magnetic memory
element recently reported (5). The bits are set by current pulses, but
the readout is via the magneto-resistance of the films themselves. The
magnetic material in this memory device is permalloy and the power
requirements are sufficiently low to permit packing densities of | 08
elements/cm?2 driven by standard CMOS (complementary metal oxide
semiconductor) circuitry. Finally, it should be pointed out that while
ferromagnetic coupling through the intervening layer could prevent the
M=0 state from being formed, an antiferromagnetic coupling would
stabilize it. This has also been recently observed for a very thin Cr
layer replacing the Ag intervening layer (6).

Coupling to Radiation Field

One of the most useful properties of magnetic materials is the fact
that they can couple to a radiation field. In the microwave region of the

spectrum this coupling occurs when the magnetization vector Mo is
driven by the h component of the radiation. In the most common case
with a thin film, the magnetization Mo lies in the plane of the film.
Plane-polarized radiation propagating normal to the plane of the film as
illustrated in Figure 0a, exerts a torque on the magnetization vector

when h 1 Mo which causes it to exhibit gyroscopic rotation. This system
is driven into resonance when
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2nvo=YWHog(Hegrt4nM,) )

where Vo is the frequency of the radiation, Y is the gyromagnetic ratio,
and Hefr is the externally applied magnetic field plus any internal
anisotropy field.

For Fe films, where 4aMo = 21,500 Oe, this resonance occurs near
10 GHz when Happ = 0. Here Heff = Han *+ Happ and Han = 500 Oe. This is
a very useful frequency regime for many microwave devices. An
example is shown in Fig. 6b, which is a schematic drawing of a
microwave stripline device concept. Striplines are an effective way to
carry microwave signals in planar circuits. They are guided wave
devices into which, in this illustration, a microwave signal is injected on
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the left from a coaxial cable. The n*-GaAs layer acts as a ground plane
and the structure sustains an electric field between the ground plane
and the conducting strip located above the insulating layer of GaAs. The
radiation field is thus plane polarized with its electric vector ¢ vertical
and corresponding h vector horizontal and it propagates down the
device structure from left to right, emerging on the other end where it
is again picked up by another coaxial cable. If a ferromagnetic metal
section replaces the conducting strip, as shown, then in that region the
radiation field can transfer energy into the ferromagnetic metat if the
magnetization vector M is parallel to the direction of propagation. In
this orientation, the ferromagnetic resonance condition can be satisfied
that is (M Lh ), and the radiation field can couple to the magnetization.
It will, however, couple effectively only at the ferromagnetic resonance
frequency ®.=271V, given above, so that a display of power transmitted

versus frequency will show a sharp decrease in transmission at Y,. This
device is called a "notch" filter. It should be noted that the location of
the "notch” can be moved by applying an external magnetic field, as
indicated by Eq. 2, parallel to the magnetization direction M.
Furthermore, if an external magnetic field is applied perpendicular to
the direction M as shown in Fig. 6b and has sufficient size to reorient the
direction of M perpendicular to the direction of signal propagation, the

radiation field can then no longer couple to M, since now hjjM This will
effectively turn the filter off. As discussed earlier, this requires an
applied field of <10 Qe, easily achieved in a device configuration. The
device described here is not intended to be a prototype design, but
rather a pedagogical example to illustrate the concepts involved. Real
devices are currently under study and have been reported upon.(7)

The width of the "notch" in the filter device described is just the
line width of the ferromagnetic resonance observed in the fiim. This
line width is a measure of the quality of the films, insofar as there are
variations in M or in the internal anisotropy field caused by variations
in strain, thickness or composition. In this regard, the epitaxial Fe films
grown on ZnSe have shown the narrowest linewidths ever observed for
a ferromagnetic metal (45 Oe at 35 GHz) (8) which become comparable
to those observed in ferrimagnetic insulators (ferrites). Ferromagnetic
metals were abandoned years ago for high frequency device
applications because their observed linewidths were too large,
compared to ferrites. These recent results for epitaxial metal films
suggest that those conclusions should be reconsidered. This is especially
true for higher frequency applications where the low 4nM of ferrites

(=2k0e) keeps their zero field resonance frequency low, well below the
range of interest for most high frequency planar device applications.

Spin Iniection Devi

One of the most interesting uses of ferromagnetic metal films is as
a source of spin polarized carriers. If one considers the simple Stoner
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picture of an ideal rigid-band ferromagnetic metal, the majority-spin d
states lie below the Fermi level and are all filled, but the minority states
are filled only up to the Fermi level. Assuming the s- and p-state
electrons to be unpolarized, one might expect that some fraction of the
carriers will be polarized to the extent that the minority d states
contribute to the conductivity. One could exploit this condition to obtain
polarized carriers by using a ferromagnetic metal film as an electrical
contact on a non-magnetic metal or semiconductor.

The pioneering work on this concept was reported in 1¢70 by
Meservey, etal (9) in which they carried out tunneling experiments
from a ferromagnetic metal film through an Al203 barrier into 2
superconducting metal film (Al). The superconducting film, with its
sharply peaked density of states at the superconducting gap, acted as a
spin-polarized etectron detector in the presence of an applied magnetic
biasing field. The tunneling current, originating from the ferromagnetic
film, proved to be highly polarized (+44% for Fe, +34% for Coand +11%
for Ni) (/ 0) where the polarization is defined as P=(n+-n-)/(n++n-) , n+
being the number of carriers of each spin character.

This was a surprisingly high degree of polarization, but even more
surprising was that the polarization direction was that for the majority
spins. For the simple band structure assumed, carriers would only be
available from the minority spin-states near the Fermi level. After
several years, an explanation was finally provided by Stearns (1 1), who
pointed out that while most of the d electrons occupy energy bands as
described by a Stoner model, a small number of d electrons possess an
itinerant character. These itinerant d states are the main component of
the tunneling current. The relative number of majority and minority
spins in these itinerant d bands is proportional to the magnetic moment
of the material and thus accounts for the observed sign and magnitude
of the polarization of the tunneling current.

A more recent achievement in this field was the injection of spin-
polarized carriers into a paramagnetic metal by Silsbee and Johnson in
1985 (12). This is illustrated in Fig. 7 where the paramagnetic metal
(Al) is shown as a long bar with two pads of ferromagnetic metal
deposited upon it to act as a source and drain of carriers. These carriers
will be polarized, since they originate in a magnetized material as
shown in the figure. The injected carriers travel through the bar and
are picked up at the second ferromagnetic pad. The physics is
illustrated, again in a simple Stoner picture, as minority electrons
entering the paramagnet, going into unoccupied minority states at the
Fermi level; traveling through the metal, under the influence of the
applied electric field; finally, leaving the metal by entering unoccupied
minority states in the second ferromagnetic pad. The pads may thus be
thought of as polarizing filters acting on the current passing through the
circuit. If this picture is correct, the polarized current in the
paramagnet should act to unbalance the equally populated up- and
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Fig. 7. Injection of spin polarized current into paramagnetic bar from
ferromagnetic pads (13)

down-spin bands, inducing a net magnetization. Because there will be
spin—flip scattering events during the transit through the paramagnet,
the magnitude of the induced magnetization should decrease along the
path. Its measurement would thus yield a determination of the spin-
flip scattering length. This measurement was carried out by putting
thin-film SQUID pick-up loops down on the surface of the bar,in a
regular array between the two pads, and measuring the induced
magnetic moment. It was found that the polarization relaxed with a
decay length of 100 um at 40K (1 3). It should be noted that, since the
two pads act as polarizing filters for the current, by reversing one of
them the polarized current can be blocked, much in the same way that
crossed optical polarizers can block light passing through them.

7
2 DEG
Fig. 8. Proposed spin-polarized field effect transistor. (14)
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This analogy was recently invoked for a proposed device which
would apply the spin injection concept to ferromagnetic metal films on
semiconductors. Datta and Das (I 4) have suggested the construction of
a spin-polarized field effect transistor (Spin-FET) as illustrated in Fig. 8.
The current carrying medium would be an inversion layer formed at
the heterojuction between InAlAs and InGaAs. The two-dimensional
electron gas in that layer would provide a very high mobility, free of
spin-flip scattering events. The spin-polarized carriers are injected and
collected by ferromagnetic metal pads as discussed above. However,
one can expect that the strong internal electric field present in the
inversion layer heterostructure interface region, oriented perpendicular
to the layer, will cause the spins of the carriers to precess, due to spin-
orbit coupling. This precession will rotate them out of alighment with
the magnetization of the second ferromagnetic pad, decreasing the
transmitted current of the device. Finally, if a gate electrode is
deposited on top of the device, one can apply a gate voltage Vg to
increase or decrease the effective electric field causing the spin
precession. This will serve to control the alignment of the carriers’ spin
with respect to the magnetization vector in the second pad, thus
permitting modulation of the current passing through the device.
Although this proposed device demands carefully controlled material
growth and lithography, its fabrication is well within the reach of
current technology. Devices such as these, which distinguish between
spin-up and spin-down carriers essentially possess an added dimension
of device parameter space which, up until now, has not been exploited.
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Fig. 9. Lattice constants 3 of cubic semiconductors with region of
epitaxial lattice match to the beec Fe-Co alloy system indicated by cross
hatch. Bandgap is plotted in eV on the left and photon wavelength on
the right.
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Conclusion

This short review provides some examples of the current status of
the preparation of hybrid ferromagnetic/semiconductor materials by
modern thin film techniques. The regions of metal/semiconductor
epitaxial match are indicated in Fig. 9, with growths already
demonstrated for Fe /Ge; Fe /GaAs; Fe/ZnSe and Co/GaAs. Many of the
applications discussed here might be suitable for non-epitaxial magnetic
films as well, which opens the way for a host of new possibilities,
including alloys of both rare-earth and transition metal ferromagnets,
as well as ferromagnetic and ferrimagnetic insulators. Work on these
possibilities is underway at a number of laboratories, and it can be
anticipated that new hybrid magnetic/semiconducting materials will
provide not only technological opportunities but additional
opportunities for scientifically probing condensed matter behavior.
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MOSSBAUER STUDIES OF ULTRATHIN MAGNETIC FILMS OF Fe/Ag(100)

Norman C. Koon

Naval Research Laboratory
Washington, DC 20375-5000
United States of America

INTRODUCTION

Magnetic studies of very thin magnetic films, where only small amounts of material are
present and where surface and interface effects may be almost completely dominant, represent a
difficult challenge to the experimentalist. The Mossbauer effect utilizing Fe37 has proved to be
very useful tool in such investigations, since under favorable circumstances it can provide
important information about both the physical and electronic structure of the film as well as the
magnetization, spin orientations, and dynamic processes. In contrast to some techniques, the
Mossbauer effect generally probes all the Fe37 spins which are present in the film, even those
which are not magnetically ordered, and thus makes it possible to determine if some spins are
decoupled from the main part of the film. The isomer shift and the quadrupole splitting (in the
case of cubic materials) can sometimes be used to infer the location of the atoms being probed
(intetior, exterior, or at the interface of a film); the magnetic hyperfine field can be related both
to the degree of magnetic order as well as to the electronic structure, and the line intensities can
be used to determine the orientation of the spins. Broadening of the spectra may also be used
to study the nature of the spin dynamics in the film. Ultrathin (< 10 monolayer) Fe/Ag(100)
films are particularly interesting for such studies because all of these phenomena prove to be
useful in developing our understanding of these near 2-d systems.!-2 For further details
concerning applications of the Mossbauer effect see the article by A. Morrish in these
proceedings.

Because an isotropic 2-d Heisenberg ferromagnet has no magnetic order at non-zero
temperatures in absence of magnetic anisotropy3, the properties of very thin magnetic films are
dominated by their anisotropies - both intrinsic and from dipolar (demagnetizing) fields In
cases where the crystalline surface anisotropy favors the direction perpendicular to the plane, as
has been shown to occur often in very thin transition metal films, this intrinsic anisotropy
opposes the dipolar fields which favor alignment in the plane. To produce a very thin film
which can be compared with a 2-d Heisenberg model therefore requires that the perpendicular
crystalline anisotropy approximately cancel the demagnetizing energy. Perpendicular
crystalline anisotropy was first suggested for Fe/Ag(100) films by Jonker, et al 4 from spin
polarized photoemission studies, which showed that for films of less than 3 monolayers (ML),
there was no in-plane moment. It was suggested that this resulted from a perpendicular
anisotropy strong enough to overcome the demagnetizing fields and orient the spins along the
normal to the surface. From renormalization group calculations by Bander and Mills> it can be

expected that such a perpendicular anisotropy would induce an Ising type of behavior in certain
temperature regimes.
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The Mossbauer work which we have done on Fe/Ag(100) multilayer films was
undertaken primarily in order to demonstrate conclusively whether or not the films were
magnetically ordered perpendicular to the film plane. In addition to establishing the
predominant spin orientations,! we determined from the thickness dependence of the hyperfine
interactions that the magnetic hyperfine field increases in going from the center of the thin films
(< 5-6 ML) to the surface, as predicted by Ohnishi, Weinert, and Freeman® from band
structure calculatons. In addition, we observed broadening of the spectraZ which we propose
is due to slow, Ising type fluctuations of large blocks of spins in the manner suggested by the
renorraalization group calculations.5 This paper is a summary of that work.

EXPERIMENTAL

The Fe/Ag(100) system is particularly favorable for epitaxial growth because there is
only a 0.8% mismatch between the Fe(100) and Ag(100) surface nets, with the Fe slightly
expanded for pseudomorphic growth. Several studies have shown that the growth of Fe on
Ag(100) proceeds layer by layer for the first three layers and then exhibits island growth for
thicker films. RHEED patterns and a more detailed description of the growth procedure are
given elsewhere.l Samples having thicknesses of 0.9, 2.4, and 5.5 ML were studied.

The conversioi electron Mossbauer spectrometer used is of the cylindrical mirror
analyzer type, with an energy resolution of approximately 4 %. The samples were mounted on
a Cu block connected via a Cu braid to a closed cycle refrigerator. The transducer and source
were inside the vacuum chamber. The Mossbauer gamma-rays were incident perpendicular to
the plane of the sample.

RESULTS

Clear evidence for almost complete perpendicular alignment of spins in the 2.4 ML
sample is given in Fig. 1, where we compare its Mossbauer spectrum at 15 K with that of a
thick film (~500 A), which is known to have its moment in-plane. Information about the
orientation of the spins is contained in the ratios of line intensities, which for pure magnetic

hyperfine splitting is given by 3 : x : 1: 1:x : 3, where x = 4sin20/(1+c0s26) and 6 is the angle
between the incident y-ray direction and the direction of the magnetic hyperfine field. For the
thick film the ratios are 3 : 4 : 1; exactly what should be observed if the Fe moments lie in the
plane (8 =90°). Itis clear in the 2.4 ML spectrum, however, that the second and fifth major
lines (the Am = O forbidden ones) are very weak compared to those of the thick film, indicating
close alignment of the spins to the perpendicular direction (8 = 0).

The structure in the spectrum of the 2.4 ML film indicates the presence of more than
one crystallographically inequivalent site (as one would expect for 2.4 ML). To quantitatively
estimate the hyperfine fields and the integrated intensities we fit the spectra assuming only two
types of Fe sites. This yielded average integrated intensity ratios of 3 : 0.5 : 1 and hyperfine
fields of 358 kG and 344 kG (compared to 340 kG for bulk Fe). The corresponding values of
the quadrupole splitting (indicative of deviation from cubic symmetry), isomer shifts (a
measure of the conduction electron spin density at the nuclei), and the weighting factors are
given in Table 1. From the integrated intensity ratios we calculate a uniform spin deviation

from perpendicular of 28° or, equivalently, that approximately 22 % of the spins lie in the

plane and 78 % are perpendicular to it. Because of domain formation and imperfections in the
films the correct physical picture probably lies in between these two extremes.

Spectra for the 5.5 ML sample at room temperature and 15 K are shown in Figure 3.
The line intensity ratios at room temperature are 3 : 4 : 1, indicating that the magnetization is in
the plane of the film. At 15 K the intensity ratios are 3 : 1.6 : 1, which corresponds to a
uniform angle from perpendicular of 49° or to 57 % of the spins oriented in the plane and 43 %
perpendicular.
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Fig. 1 Conversion-electron Mossbauer spectra taken at 15 K for a thick film of
Fe57 compared to that of a 2.4 ML multilayer film of Fe57 on Ag(100).
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Fig. 2 Conversion-electron Mossbauer spectra taken at 15 and 300 Kona 3.5 ML
film of Fe37 on Ag(100).




This suggests that at low temperatures the perpendicular anisotropy of the 5.5 ML film
is comparable to the demagnetization field, whereas at room temperature the demagnetization
field dominates. The perpendicular anisotropy energy therefore seems to increase faster than
the demagnetization energy as the temperature is lowered.

The 5.5 ML spectra were also fit using the 2-site model with the parameters given in
Table 1. The best fits to the 15 K data were generally obtained using zero quadrupole splitting
and slightly larger hyperfine fields than for the 2.5 ML film. The fit at room temperature was
calculated by allowing only the hyperfine magnetic fields to vary from the 15 K values. The
decrease in Hyy from 15 K to 300 K is much greater than for bulk Fe, suggesting a lower
Curie temperature for the film. It is also interesting to note that the 0.65 to 0.35 weighting
factors are in almost exactly the ratio of interior to interface atoms one would expect for a 5.5
ML film, which suggests that the higher field component (363 kG) of the spectrum is due to
interior atoms, while the lower field (352 kG) is due to interface atoms. This is also consistent
with the respective values of the isomer shift, which should be small for interior atoms.

A similar identification can be made for the 2.4 ML film, although the weighting factors
yielded by the fitting process for the two sites are nearly equal instead of being in favor of
interface atoms. However, both the isomer shift and the quadrupole interactions are larger for
the smaller hyperfine field than for the larger one, which is again consistent with the smaller
hyperfine magnetic field being associated with interface atoms.

Table I. Hyperfine field parameters for bulk Fe and for the 2.4 and
5.5 ML films. The parameters were determined using a two site fit
as described in the text.

15K (300 K) Weighting Hys QS IS
Factor (kG) (mmy/sec) (mm/sec)
Bulk Fe 1.0 340(330) 0.0 0.0
2.4 ML 0.52 358 -0.11 0.06
5.5 ML 0.48 344 0.16 0.49

The hyperfine field calculations which appear to most closely match the conditions
realized in this experiment are those of Ohnishi, Freeman, and Weinert®, who treated the
problem of a Fe/Ag(100) 7-layer slab where the outer two layers were Ag. For the center Fe
layer they calculated Hye= 359 kG, with a decrease to 339 kG for the next-to-interface layer
and 335 kG for the interface Fe layer. With a simple two site fit we obtain 363 kG (65 %) and
352 kG (35 %), which is in gooa qualitative agreement if one identifies the larger hyperfine
field with interior atoms as described above. For the 2.4 ML sample there is at present no
model calculation whose assumptions permit reasonable comparison with our data.

The temperature dependence of Mossbauer spectra for the 2.4 ML sample are shown in
Fig. 3, along with fits to the data using the same hyperfine {ield parameters as in Table I with
the addition of a simple relaxation theory”-® applicable to a spin 1/2 Ising model to describe the
broadening observed at temperatures above about 50 K. There are several important points to
be noted. First is that even in the regime where there is broadening, the Am = 0 lines are weak.
indicating that the spins are still ordered perpendicular to the plane of the film. Second is the
distinct splitting of the innermost lines (3 and 4), which indicates clearly that there is a non-zero
order parameter. Third is that that there is no evidence for a significant central peak at low to
intermediate temperatures, indicating that almost all of the iron spins are strongly coupled to the
films as a whole.
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Fig. 3. Mossbauer spectra as a function of temperature for the 2.4 ML superlattice
film. Solid lines represent fits to the model described in the text.
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Fig. 4. Temperature dependence of the order parameter 1 and the relaxation
frequency Q for the 2.5 ML superlattice film (one mm/s = 7.3 x 107 s'1).
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The theoretical fit which was used to describe the broadening is based on simple
stochastic relaxation between spin up and spin down states as treated by van der Woude and

Dekker? and Blume and Tjon.8 It only contains two parameters, the relaxation rate Q, and the
order parameter M, and is independent of the mechanism responsible for the relaxation. The

only differences in the calculated spectra of Fig 3 are in 11 and Q, whose temperature
dependence is given in Fig. 4.

CONCLUSIONS

The line intensity data shown in Fig. 1 conclusively establish the perpendicular
orientation of the iron magnetic moments at low temperatures in very thin (less than about 4-5
ML) films of Fe/Ag(100). From the temperature dependent data on the 5.5 ML film we
conclude that the perpendicular magnetic anisotropy increases faster than the demagnetizing
energy as the temperature is lowered. From the thickness dependence of the hyperfine fields
we conclude that the hyperfine magnetic field varies with position through the film in a manner
very close to the predictions of band theory.6 The type of broadening which we see is similar
to that observed in superparamagnetic relaxation, however, fits to the theory utilizing a zero
order parameter could not reproduce the relatively sharp and distinctly split inner peaks showa
in Fig. 3. In order to fit that feature it was necessary to make the order parameter non-zero,
which is inconsistent with normal superparamagnetism. It could be consistent with a film
consisting of interacting clusters which all have the same order parameter or with the
renormalization group picture of an Ising model where the order parameter describes the
fluctuations of large blocks of spins. Because we see in the fits only a single nonzero order
parameter and relaxation frequency for each temperature, with no evidence for a distribution,
we suggest that the latter explanation is more likely.
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SPIN-DEPENDENCE OF ABSORBED AND REFLECTED CURRENT ON FE(110)

M.S. Hammond, G. Fahsold, and J. Kirschner

Institut fir Experimentalphysik
Freie Universit&t Berlin
D-1000 Berlin 33, West Germany

New electron microscopies such as SEMPA and LEEM increasingly require
a more thorough knowledge of the low-energy electron scattering processes
at and near surfaces. Electron reflection! and absorption?:-3:%:% measure-
ments have proven useful in identifying major features in the unoccupied
electronic band structure of solids and their surfaces, as well as determi-
ning the effect of such band structures on electron scattering processes.
The elastic reflected current spin asymmetry has been calculated®, demon-
strating the usefulness of such measurements for studying the unoccupied
band structure of ferromagnetic single crystals. Earlier measurements on
absorbed current spin asymmetries from a metallic glass® were concerned
mainly with the asymmetry near the zero crossing in the absorbed current
rather than the low-energy asymmetries; therefore further work on the angu-
lar and energy dependence of the absorbed and reflected current, and its
spin dependence, is desirable. In particular, we wish to demonstrate the
important connection between secondary electron polarization fine struc-
ture’ and absorbed (or reflected) current spin asymmetry®, as they both
relate to band structure.

The spin-dependent absorption and reflection results reported here
are expressed in terms of a normalized asymmetry, A(Eg), for a primary
electron beam energy Eo of 0 to 50 eV:

o1 -l

A(Eg) = Po 1T + 1l (1)
where Po is the incident beam polarization magnitude and 1! (Il) is the ab-
sorbed or reflected current for incident “eam polarization parallel (anti-
parallel) to the sample majority spin direction. The absorbed and (energy-
integrated) reflected current asymmetries (Aa and Ar, respectively) are
found to be reciprocal to one another, being opposite in sign and posses-
sing the same general structure, while their magnitudes are simply related
by:

L= T ’ (2)

where p/a is the ratio of reflection to absorption coefficients (p+a=1).
The apparatus used to measure absorbed and reflected current asymmetries,
described in detail elsewhere® % is shown schematically in Figure 1.
Briefly, a spin-polarized primary electron beam (P0=20-30%) is focussed
through the center of a 3-grid hemispherical LEED analyzer, which is used
to collect all the reflected current. The primary electrons impinge on the
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(110) face of an iron single crystal remanently magnetized along the <100>
direction (incident angle, 6=0° to 60°). The electron spin-polarization
vector and the sample magnetization vector are both perpendicular to the
scattering plane. The polarization of the incident beam is reversed at a
frequency of 1 kHz, enabling the use of a lock-in technique to detect the
resulting difference in the (absorbed or reflected) current upon polari-
zation reversal.

Figures 2(a) and (b) show the reflected current spin asymmetry Ar and
the reflected current {normalized by the incident beam current), respecti-
vely, as a function of primary electron kinetic energy for a range of inci-
dent angles. Figure 3 shows similarly the absorbed current spin asymmetry
Aa and the absorbed current. The reciprocity exhibited by the absorbed and
reflected asymmetries is obvious; i.e. they are opposite in sign and maxima
in the absorbed current asymmetries correspond to minima in the reflected
current asymmetries (except at very low energies and large incident angles
due to finite collection angles, as discussed in more detail elsewheref ?).
This reciprocity explicitly demonstrates that the information contained in
the two asymmetries is basically the same, which is to be expected from
simple charge conservation considerations. The spin-averaged reflected and
absorbed currents (Figures 2(b) and 3(b), respectively) also contain infor-
mation about the bulk band structure of the Fe(110) crystal. At normal in-
cidence there is a peak in the reflected current at appoximately 20 eV in-
cident energy (marked by an arrow) that corresponds to a local minimum in
the absorbed current (also marked by an arrow). This is clear evidence of
a gap in the band structure and it occurs close to the position of the band
gap along the [110] direction calculated for a nearly free-—electron disper-
sion relation with an inner potential of 12 eV. A band gap results if a
decrease in the absorbed current, and a concomitant increase in the reflec-
ted current, due to the lack of states into which incident electrons can
couple. The band gap at 20 eV results in a strung feature in the asymme-
tries due to the spin-splitting of the bulk band structure. Because the
minority spin electron states are shifted upward in energy with respect to
the majority spin states, there will exist relatively more empty minority
states at the low energy end of a band gap and majority states at the high
energy end. This situation results in the sharp features seen in both
asymmetries at approximately 20 eV. The arrows in Figures 2(a) and 3(a)
mark the energetic position of the minimum (maximum) in the spin-averaged
absorbed (reflected) current. Note that the inflection points in the asym-
metries occur at a lower energy than in the currents.

The spin-polarization, as a function of emission energy and angle, of
secondary electrons excited by high energy (2 keV) primary electrons from
the same Fe(110) sample in an earlier experiment!® is shown in Figure 4.
The polarization is along the majority spin direction. The polarization
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Fig. 1. Schematic of apparatus for measuring absorbed and reflected current
and current spin asymmetries.
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exhibits a low-energy enhancement and an angle dependent fine structure.
This fine structure in the polarization, which has been identified with the
spin-split bulk band structure’, concerns us here. If the structure in the
asymmetries in Figures 2(a) and 3(a) are in fact a result of the bulk band
structure, then there should be a correspondence between these structures
and the secondary electron polarization fine structure. In general, the
absorbed current asymmetry is observed to be positive and the reflected
current asymmetry negative. That is, majority spin incident electrons re-
sult in a larger absorbed current while minority spin electrons result in
more reflected current. This may, at first sight, appear in contradiction
to the majority spin polarization of secondary electrons ejected at similar
energies; however, it is important to realize that measuring the absorption
of low-energy electrons incident on the crystal is essentially the time-re-
versal of measuring the emission of low-energy electrons originating inside
the crystal. Consideration of time-reversal symmetry requires that the ab-
sorbed current asymmetry be related to the secondary electron polarization
fine structurel!l. Comparison of the spin-polarized secondary electron
emission measurements shown in Figure 4, with the absorbed current spin
asymmetries more clearly demonstrates the complementary nature of these two
measurements. In keeping with the requirements of time-reversal symmetry,
the secondary electron emission angles are compared to the incident angles
in the absorbed current. It can be seen that maxima and minima in the ab-
sorbed current asymmetry roughly correspond to the maxima and minima in the
secondary polarization fine structure. A positive feature at 3-4 eV, a
valley just below 10eV that increases in sharpaess as the angle (of inci-
dence or emission) increases, and a dip at 20 eV that is present only for
normal incidence or emission are the more prominent structures in the two
sets of data. The similarities between secondary electron polarization
fine structure and absorbed current asymmetry suggests that the latter is
also determined by the spin-dependent bulk band structure.

The present spin asymmetry measurements from a single crystal ferro-
magnetic sample have demonstrated the reciprocity of the total reflected
and absorbed current asymmetries. This reciprocity allows one to monitor
the experimentally more accessible target current to obtain band structure
information. The reflected current measurements, however, allow the sepa-
ration of eleastic and inelastic contributions to the total asymmetry?.
The spin-polarization of secondary electrons emitted from the same Fe(110)
sample exhibit fine structure that corresponds to the structure in the ab-
sorbed and reflected asymmetries. The structures in both the polarization
fine structure and the asymmetries are identified as spin-split band struc-
ture effects and demonstrate the time-reversal symmetry between absorption
and emission of low-energy electrons.
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MBE GROWTH OF METAL/SEMICONDUCTOR INTERFACES

J. M. Slaughter, Brad N. Engel, M. H. Wiedmann, Patrick A. Kearney, and
Charles M. Falco

Optical Sciences Center and Department of Physics
The University of Arizona, Tucson, AZ 85721

INTRODUCTION

Metal/semiconductor structures are of interest in several fields including thin-film
magnetism, electronics, and x-ray optics. Well controlled and characterized interfaces are
crucial for the understanding of the properties of nanostructured materials. We describe
techniques used to grow and characterize three such material systems: Co/Pd on GaAs(110)
(using a bce-Co seed layer), Co on Si(111), and Mo on Si(111).

The Co/Pd system is of interest for its magnetic and magneto-optic properties. In
particular, several workers have observed polarization of the Pd in Co/Pd multilayers' as
well as a strong perpendicular magnetic anisotropy.? We have grown epitaxial Co/Pd
superlattices on GaAs(110) substrates by first depositing a suitable buffer layer of Pd. The
growth of the Pd buffer layer and the behavior of Co denosited upon it are discussed in the
present paper. Structural and magnetic properties of the superlattices are discussed
elsewhere in these proceedings.®

Heteroepitaxy of a variety of pure metals on GaAs has been achieved by various
workers. In many cases, structures with sharp interfaces as well as good atomic order have
been obtained. However, in contrast to the case with GaAs, Si reacts with most metals to
form silicides, making it impossible to produce epitaxial pure-metal/Si structures similar to
those made on GaAs. In fact, many metals react with Si even at room temperature.
Although the problems associated with pure metals are severe, Co and several other metals
(e.g- Ni and Mo) form epitaxial silicides with proper trcatment. MBE techniques can then
be used to form high quality epitaxial silicide/silicon multilayer structures. In the second
half of this paper we discuss such techniques and their application to the growth of Co and
Mo on Si(111).

GROWTH OF Co/Pd ON GaAs

The evaporations were performed in a Perkin-Elmer 433-S MBE system* which was
specifically designed for growth of Si and refractory metals. The Pd was evaporated from
a high-temperature Knudsen cell and the Co was electron-beam evaporated. Deposition
rates were 0.25 A/s and 0.15 A/s for Co and Pd respectively. The base pressure was 5X10™"
torr, and the pressure during deposition was typically 1X10? torr, with H, making up 70%
of that total. The Co deposition rate was held constant by active feedback from an Inficon
Sentinel III deposition controller’ which uses an electron impact emission spectroscopy
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monitor to measure the flux. The substrate temperature is controlled with a feedback
stabilized graphite heater, enabling temperatures as high as 1100 C to be reached when
desired. Reflection high energy diffraction (RHEED) and low energy electron diffraction
(LEED) are available in the growth chamber. The sample is in the growth position for
RHEED but must be moved for LEED. Figure 1 shows a series of RHEED patterns taken
at different stages during the depositions.

The GaAs(110) substrates were first heated to ~625 C for ~30 min to desorb the
oxide from the surface. The RHEED pattern after this heating procedure is shown in
Figure 1. A seed layer of Co (6 A) was then deposited at room temperature to begin the
growth. The one attempt made to grow the Pd directly on the GaAs yielded a Pd layer
which was rough and disordered compared to those grown on top of a Co seed layer. The
seed layer is epitaxial bee-Co in agreement with previous work® The RHEED and LEED
patterns both indicate that, although 6 A of Co was deposited, it is rough and may not form
a continuous layer.

A high quality Pd(111) layer was formed by deposition onto the 6 A Co seed layer
at room temperature. Depositing additional Pd with the sample heated to 200 C produced
a surface which was better still. Interestingly, the RHEED pattern degrades at the
beginning of the Pd deposition. However, after deposition of ~20 A of Pd, the pattern
begins to recover, indicating healing of the surface roughness. In addition, there is a
"rotation” of the Pd with respect to the substrate. The bottom left photo in Figure 1 shows
the RHEED pattern for the Pd surface formed by the deposition of 300 A of Pd at room
temperature. The "rotation” of the Pd [211] axis with respect to the GaAs [111] axis is
apparent in this figure. Continuing the deposition at 200 C produced a sharper RHEED
pattern as shown. However, depositing the entire Pd layer at 200 C resulted in a poor
quality (three-dimensional) surface. The final photo of Figure 1 shows the same Pd RHEED
with the sample rotated slightly to center the pattern.

The angle of the Pd [211] with respect to the GaAs {111] axis was measured by
comparing LEED patterns from before and after the Pd deposition. Unfortunately there is
a significant amount of mechanical backlash in our present substrate rotation apparatus,
which made it difficult to position the sample with exactly the same orientation for each
measurement. We can only say that the rotation is on the order of 5°. Future work will
include improving the rotation apparatus to allow more reproducible positioning of the
sample.

Finally, the growth of thin Co layers on the Pd buffer was studied. RHEED was
monitored continuously during the Co deposition, and LEED was performed after the
deposition of 2 A and 4 A of Co. A series of LEED patterns taken at different energies
clearly shows an enlargement of the spot distances during the Co depositions. The Pd
lattice constant was determined to be that of the bulk material (3.890 A) within the
experimental uncertainty of ~1%. The Co lattice constant was determined to be 3.80 + 0.04
A after the deposition of 2 A of Co and 3.63 + 0.07 A after 4 A. In comparison, the bulk
lattice constant of fcc Co is 3.544 A. From these measurements, we infer that the thin fcc-
Co layer is initially strained to match the Pd buffer layer, but rapidly relaxes toward its bulk
lattice constant. It should be noted that after only ~1 monolayer (ML) of Co the surface
has become significantly more disordered, and becomes worse with increasing Co coverage.
One could argue that the Co may be growing as small bulk-like islands, giving rise to a
LEED pattern which has contributions from both the bulk Pd and bulk Co to form broad
shifted spots. However, there is some evidence against this Co island interpretation from
our x-ray diffraction data of Co/Pd multilayers. Since multilayers with 1 ML thick Co layers
show high-angle satellite peaks and a low-angle Bragg peak, it is unlikely that the Co is
forming islands.

Plans for future work includes a study of the behavior of the magnetic anisotropy
in thin Co films as a function of the Co strain.
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GaAs(110) 6 A Co 19APd

300 A Pd 500 A Pd 500 A Pd

Figure 1. RHEED patterns for various stages during the growth of Pd/Co on GaAs(110).
The electron beam energy was 10 Kev.

Co AND Mo ON Si(111)

Both Co and Mo form metallic disilicides which have a small lattice mismatch with
Si (1.2% and 4.1% mismatch for CoSi, and MoSi, respectively).” Epitaxy of CoSi, and MoSi,
on Si have been studied extensively, revealing some common problems. In either case,
deposition of the metal directly onto a hot Si substrate results in epitaxial films with, at best,
pinholes or, at worst, large islands. Recent studies have shown that high quality CoSiySi
interfaces can be formed by depositing a thin (<10 A) metal layer at T<100 C followed by
an anneal to ~500 C® In the present work, we have studied the formation of thin epitaxial
CoSi, and MoSi, layers.

A high-temperature substrate heater was used to heat the Si(111) substrates to 900 C
to desorb the native oxide. A buffer layer of pure Si was then deposited at 800 C. RHEED
indicates that the resulting surface exhibits the well known 7X7 reconstruction, and the
Auger spectra show no surface contamination. A thin layer of metal (Co or Mo) was then
deposited at T<100 C, following which the temperature was raised at 15 C/min. to Ty,
where 400 C < T, ,, < 600 C. Analyzing the evolution of the RHEED and LEED patterns
during heating of ~1 ML of Co on Si(111) reveals the following sequence of events. The
Co reacts at the low temperature to form a disordered layer, as indicated by the high
background intensity in RHEED and LEED. The diffraction patterns are dim but consistent
with those expected for CoSi,. For T=140 - 300 C two different phases of CoSi, are present,
for T=~300 - 350 only one phase is present, and for T>350 there is a dominant phase with
a slight trace of a second.

Mo forms an amorphous silicide layer (diffuse RHEED and LEED patterns) at the
low temperature. Peak shifts in the Si-2p and Mo-3d x-ray photoelectron spectroscopy
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(XPS) spectra indicate silicide formation at the Mo/Si interface for growth temperatures as
low as 50 C (the lowest temperature studied). The energy shift observed here is in the
opposite direction from that which we have observed in well-annealed films which formed
crystalline MoSi,. This is a strong indication that the amorphous silicide which forms at 50
C and 200 C is not MoSi,. Annealing to Ty, = 500 - 600 C produces an epitaxial single-
crystal MoSi, film. However, for layers with more than ~6 A of Mo, the diffraction patterns
quickly disappear. Even for the thinner layers, the MoSi, films are more disordered than the
equivalent CoSi,. In addition, a series of growth studies involving continuous growth of
multiple Mo coverages on the silicon have been performed. The data analysis and
experimental details of these growth studies are beyond the scope of the present paper, and
will be published elsewhere. Here we have discussed only that part which is interesting
for comparison to the case of Co on 5i.

SUMMARY

High quality Pd(111) layers were formed by deposition, at room temperature, of a
Co buffer layer on GaAs(110) followed by the Pd. This surface was improved by depositing
additional Pd with the sample heated to 200 C. The RHEED pattern degrades at the
beginning of the Pd deposition and then recovers after depositing > ~20 A of Pd. The Pd
lattice constant, after depositing 300 A, was determined to be that of the bulk material. The
thin fce-Co layer is initially strained to match the Pd buffer layer, but rapidly relaxes toward
its bulk lattice constant.

Thin Co layers were shown to react with Si(111)(7X7) at room temperature and form
a single-phase CoSi, epilayer when annealed to ~400 C. Thin Mo layers react to form an
amorphous silicide layer at temperatures as low as 50 C. The MoSi, films are more
disordered than the equivalent CoSi, films.
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SURFACE AND INTERFACE MAGNETISM
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Thin ferromagnetic epitaxial films display the most
remarkable magnetic phenomena known in surface and interface
magnetism. Some characteristic properties of these systems are
described with emphasis on face-centered cubic Fe grown on a
Cu(100) substrate.

Strong, characteristic effects in thin film magnetism
have been discovered and are firmly established {1]. At the
root of this development is the fact that very thin single-
crystalline films consisting of 1 or a few monolayers (ML) can
be grown on suitable substrates. Although the films are
single-crystalline and have reproducible magnetic properties
even rudimentary knowledge of the atomic arrangement in the
interface - intermixing, layer-by-layer growth, surface
roughness - 1is often missing or based on indirect evidence.
The relation between film morphology and magnetism constitutes
the most controversial issue in the field.

Ultimately, the solution to this problem requires a
nanoscale local probe able to assess simultaneously the nature
of the atomic environment in the interface and its magnetic
properties. At present, this probe does not exist. Therefore a
pragmatic point of view seems most reasonable: To study the
magnetic phenomena occuring in monolayer systems even if there
is not yet a complete atom-by-atom knowledge of the interface.

The fascination stirred by epitaxial thin film magnetism
will be exemplified primarily by discussing one particular
system: face-centered cubic (fcc) Fe grown on Cu(l00). The
structural controversy about this system is documented in the
literature [2]. It concerns the intermixing of Fe and Cu
within the first 2 - 3 monolayers. In many respects fcc
Fe/Cu(100) is prototypical for epitaxial monolayer films: in
spite that it is not a structural equilibrium phase it grows
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epitaxially up to 15 ML before decaying into a polycrystalline
film of bcc structure opening the possibility of creating a
completely new magnetic system. Under normal conditions fcc Fe
exists only in the paramagnetic phase ( T > 1180 K ) but
forcing the overlayer atoms to fit into the crystalline
registry of the substrate it can be stabilized to low
temperatures. In case of Fe/Cu(l00) the lattice mismatch
between Cu(100) [3.59 A at T = 20 ©C] and the T = 20 ©C
extrapolation of the equilibrium fcc structure of Fe [ 3.615
Al is less than 1 % [3].
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Fig.l. Magnetic field dependence of the spin-polarization of
the photoelectrons emitted from fcc Fe/Cu(l00) films
consisting of 1, 5, 9 and 14 monolayers. The measuring
temperature was 30 K.

Of basic interest is the question whether ferromagnetism
persists in these thin films down to the monolayer range. This
problem was recognized already in the early days of solid
state physics [4]. It arises due to the cricumstance that in 2
dimensions the number of spin waves excited diverges at T > 0
K, &3suming a magnon dispersion E ~ k2 with the states |k>
bein, occupied according to the Bose distribution n(k) =
(eE(K) /KT 4+ 1)-1, Experimentally, ferromagnetism in ultrathin
films has been demonstrated 1in the pioneering work of
Neugebauer [S5] and, in particular, Gradmann [6].

For fcc Fe/Cu(l00) ferromagnetic order has been
unambiguously verified using various techniques {1]. The
measurements shown in Fig. 1 have been obtained with spin-
polarized photoemission ([7]. In this experiment the spin-
polarization of the electrons photoemitted from fcc Fe/Cu(100)
films of various thicknesses t has been measured and plotted
as function of the perpendicularly applied external magnetic
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field H. The spin-polarization is defined as P = (NT-
Nl) / (NT+Nl) where NT (Nl) is the number of photoelectrons with
spin magnetic moment parallel (antiparallel) to the direction
of the surface normcl. As light source the full spectrum of a
Hg~Xe~lamp was used with a cut-off energy of 5.4 eV. The
photothreshold of the samples was 4.7 * 0.1 eV.

From measurements as shown in Fig. 1 several remarkable
properties of thin fcc Fe/Cu(l00) films emerge:

1) The fcc Fe/Cu(l00) films are ferromagnetic above
1 ML.

2) At remanence the films are magnetized along the
surface normal for t > 2 ML,

3) At remanence the films are magnetically
saturated,i.e., in a single domain state for t > 2 ML. Whether
this also applies to the in-plane magnetized 1 ML film cannot
be decided from Fig. la.

To allow for ferromagnetism in very thin films a
mechanism is needed which reduces the number of long wave-
length magnon excitations. This is achieved by opening a gap
in the spin wave spectrum at k = 0. Such a gap is produced by
a magnetocrystalline anisotropy [8] defining an easy axis of
the magnetization: then, the destruction of an elementary
quantum of angular momentum by turning the spins unison ( k =
0 ) away from the preferred axis requires a minimum amount of
energy. This qualitative picture is valuable because it
immediately shows the importance of anisotropy for establish-
ing magnetic order. However, far from trivial 1is the
observation that the magnetic ordering temperature is only
very weakly dependent on the magnitude of the anisotropy ([9].
A very small anisotropy -.accompanied by a correspondingly
small energy gap - 1is in fact sufficient to bring about a
Curie temperature determined essentially by the mean field
like expression kT, ~ zJ where J is the exchange constant and z
the coordination number of the atoms [10]. Thus, not only the
existence of magnetic order at T > 0 K but even the high
transition temperatures observed in ferromagnetic monolayer
films 1like fcc Fe/Cu(l00) become understandable. - Another
mechanism which removes the divergence of the long wave length
spin wave excitations in 2 dimensions 1is the dipolar
interaction: it gives rise to a term linear in k cf the spin
wave spectrum [10].

A most extraordinary feature of the magnetization curves
of fcc Fe/Cu(l00) for t > 2 ML 1is the occurence of a
perpendicular remanent magnetization: Fo: a perpendicularly
magnetized thin film the shape anisotropy energy reaches the
maximum possible value Eshape = 2nM2, M = magnetization. For a
fcc Fe/Cu(l100) film the energy to be gained by turning the
spins into the film plane amounts to 3x1075 ev/atom [11]. This
is a wvery large energy compared e.g. to the Dbulk
magnetocryctalline anisotropies of cubic transition metals
which are of the order 10~6 evVv/atom. Evidently, another much
stronger anisotropy must be active which gives rise to the
perpendicular easy axis .oserved in Fig.1l.

The possibility of a perpendicular extra anisotropy has
been pointed out by Néel [12). In cubic materials, the
direction cosines of the bulk anisotropy enter for symmetry
reasons only in 4th or higher order. However, at the surface
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the symmetry is broken and an anisotropy term appears which
contains the second power of the angle between the spin
magnetic moment and the surface normal of the £film.
Considering nearest neighbour interactions only with constant
material parameters throughout the film the resulting
anisotropy is confined entirely to the surface. It gives rise
to an anisotropy energy per atom which has been shown by Néel
to be of a magnitude comparable to or even larger than the
dipolar energy. Depending on the sign of the surface
anisotropy constant a magnetization direction perpendicular to
the plane of the film is favoured.

Although the possibility of a strong perpendicular
surface anisotropy had been predicted almost 40 years ago it
proved very elusive to direct experimental verification. It
became possible only with the development of techniques
providing the sensitivity required for measuring
ferromagnetism of samples consisting of as little material as
a 1 atowic layer [i].
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Fig.2. Spin-polarization of the photoelectrons emitted from a
1 ML fcc Fe/Cu(l00) film versus applied magnetic field
at T = 30 Kand T = 261 K.

The shape anisotropy - or demagnetizing - energy of the
film grows proportional to its thickness whereas the surface
area and therefore the surface anisotropy energy remain
constant. For a film exceeding a critical thickness the
demagnetizing energy will therefore always overwhelm the
surface anisotropy putting the magnetization in-plane. In case
of the fcc Fe/Cu(l00) films this phenomenon is not observed:
For films thicker than 1 ML the easy axis 1is always
perpendicular up to 15 ML where the film disintegrates.
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Possibly the observed tetragonal distortion of the fcc lattice
[3] induces an extra structure related anisotropy supporting a
perpendicular easy axis.
Perpendicularly magnetized materials are potentially
\ useful for high density magnetic data storage. Thermomagnetic
i writing in fcc Fe/Cu(100) has been shown to be feasible
' together with subsequent reading of the written information by
‘ spin-polarized photoemission, using for both processes -
heating and photoemission - the same pulsed KrF excimer laser.
At present, for magnetic recording purposes perpendicularly
magnetized hcp Co/Pt(111) superlattices are actively
investigated in many laboratories due to their unique property
of having a Kerr rotation which increases towards shorter
wavelengths.
J Fig. 2 illustrates that the 1 ML film does not consist
of superparamagnetic islands as observed in similar systems
for not well annealed rough interfaces [13]. In
superparamagnetism the magnetization scales above the blocking
temperature with W(T)H/kT where U(T) is total magnetic moment
of the particle. Since the magnetization curve shows no
hysteresis effect at all at 30 K this condition is fulfilled.
At 260 K the saturation field is clearly smaller than at 30 K:
a fact which 1is incompatible with superparamagnetism both

because the 1/kT factor and MH(T) are smaller at high tempe-

rature. In contrast, for a non-superparamagnetic ferromagnetic
film the smaller saturation field finds a simple explanation,
because Hgar = 47M (for a film with shape anisotropy only) and
M at 260 K is smaller by roughly a factor 7 compared to 30 K,
as Fig. 2 shows. The Curie temperature of the 1.2 ML fcc
Fe/Cu(100) film is about 270 K.

A further important observation from Fig.l 1is that the
films with perpendicular easy axis are magnetically saturated
at remanence, i.e., they consist of a single domain. This is
remarkable because 1) the classical theory of Kooy and Enz
[14] predicting single domain structure below a critical
thickness d is found to apply ( gain in demagnetizing energy
(~ d?) does not compensate for the cost of domain wall energy
(~ d)) and, secondly, the unavoidable disruption of the
overlayer due to terraces in the substrate surface separated
by steps is ignored by the domain structure. Interestingly,
similar observations have been made in in-plane magnetized
systems [15].

The experimental determination of the magnetic ordering
temperature in thin films is even more problematic than in 3
dimensions: whenever the film is not in full saturation at H =
0 a change for instance in the spin-polarization P of the
photoelectrons is bound to be influenced primarily by domain
formation and not by temperature. On the other hand, an
external magnetic field acts like a magnetic anisotropy and
thus possibly fakes a Curie temperature higher than the one at
H = 0 leading to a tailing of the magnetization which must be
expected to be even more serious than in 3 dimensions. Being
aware of these pitfalls the Curie temperature of fcc
\ Fe/Cu(100) films more than 5 ML thick - where no dispute about
. the epitaxial nature of the system exists - is found to be

close to 300 K. Since in metallic films t > 5 ML the bulk
properties of the material are fully developed - which can be
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tested e.g. by comparing the magnetic properties of epitaxial
films of bcc Fe/Ag(100) with those of the bulk metal [16] -
this value is considered to represent the bulk value of T, for
epitaxial fcc Fe/Cu(100).
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FERROMAGNETIC RESONANCE STUDIES OF BCC EPITAXIAL ULTRATHIN

Fe (001) /Cu(001) BILAYERS AND Fe(001)/Cu(001)/Fe(001) TRILAYERS

Z. Celinski, B. Heinrich, J.F. Cochran, K. Myrtle and
A.S. Arrott

Surface Physics Laboratory, Physics Department
Simon Fraser University, Burnaby B.C., Canada V5A-1S6

We have epitaxially grown a new phase of Cu, bcc Cu on bce Fe(001) .
This fact allowed us to investigate bilayers of Fe(001)/Cu{001),
Cu(001) /Fe (001) and trilayers of Fe(001)/Cu(001)/Fe(001) grown on Ag{001)
single crystal substrates using Ferromagnetic Resonance. The role of bcc Cu
on the magnetic properties (magnetic moment and anisotropies) of
Fe (001) /Cu(001) bilayers and Fe(001) /Cu(001) /Fe(001) trilayers is reported.
Magnetic coupling between Fe layers separated by a bce Cu interlayer was
investigated as a function of the interlayer thickness and temperature. The
crossover from ferromagnetic to antiferromagnetic coupling was observed for
Cu interlayers thicker than 8 ML.

In this paper we report Ferromagnetic Resonance (FMR) measurements on
ultrathin Fe(001)/Cu(001) and Cu(001) /Fe(001) bilayers and
Fe (001) /Cu(001) /Fe(001) trilayers. These structures were prepared using
Molecular Beam Epitaxy (MBE) on the (001) face of bulk silver single
crystals. The Ag (001) surfaces were oriented within 0.25° of the [001]
crystallographic direction. The epitaxial growth was carried out in the low
10710 Torr range. Reflection High Energy Electron Diffraction (RHEED) and a
thickness monitor were used to control the growth process. Auger Electren
Spectroscopy (AES) was used to monitor coverage quality. Cu grows on
Fe(001) and Ag (001) in a metastable bce structure for the first 10 - 11
monolayers (ML) . Details of the growth of bcc Fe/Cu structures were
presented in separate paper at this Schooll and by Heinrich et al.Z.

The magnetic properties of Fe/Cu and Fe/Cu/Fe structures were
determined by 36 GHz FMR measurements carried out at room, dry ice and
liquid nitrogen temperatures. The samples, 15mm in diameter were used as
the endplate of a TEp12 (doughnut mode) cylindrical cavity which gave
constant sensitivity indeperdent of the orientation of the magnetic field
ir the plane of the specimen. We used standard lock-in amplifier detection
techniques with 176 Hz fieid modulation to detect the signal and 60 kHz
repeller modulation to stabilize the frequency of the klystron to the
recsonant frequency of the cavity containing the sample. Measurements were
carried out with a constant voltage on the detector diode, using an
approach similar to that of Feher3.

Science and Technology of Nanostructured Magnetic Materials

Edited by G.C Hadppanayis and G.A. Pring, Plenum Press, New York, 1991 77




From a magnetic point of view our structures are ultrathin, i.e. the
thickness of each magnetic layer is smaller then the exchange length! (33A
for Fe). This fact causes all of the spins within the layer to be aligned
parallel to one another. Each Fe layer responds as a unit with its own
magnetic properties. The total intensity of the FMR signal (doubly
integrated field derivative of the absorption or x") is directly
proportional to the total magnetization of the specimen?

[Hpmr + (4RMg) eff ]
[2Hpyr + (47Mg) eff |

I < Mg d

where Ms is the saturation magnetization, d is the thickness of the film,
Hpgr is the FMR field (the zero crossing of the field derivative of the
power absorption) and (4MM,).r¢ is an effective demagnetizing field. By
collecting FMR data over the same effective range of the applied external
field H (i.e. from Hpg-3.5AH to Hpyp+3.5AH where AH is the FMR linewidth
(FWHM) ) we are able to investigate the effect of the Cu overlayer on the
magnetic moment of the Fe layer. At 77K we have found that the total
magnetic moment in the sample Ag/5Fe/10Cu/20Au (5Fe means 5 ML of Fe etc.)
is smaller (by appr. 9.4%) than the corresponding total magnetic moment in
the reference sample Ag/5Fe/20Au used in all of our measurements. A 9.4%
decrease, measured at LN, temperature, in the total magnetic moment of the
S5ML thick Fe films corresponds to a decrease of 1.0y per interfuce atom,
assuming that the magnetization of the reference sample is equal to 21.55
kOe4. From the resonance condition one can determine the effective
demagnetization field (4MMg) ¢r=4MM -H,, where H, is the uniaxial
perpendicular field. The uniaxial field in the sample Ag/5Fe/10Cu/20Au is
always larger than in the reference sample, see Table I. The in-plane 4th
order anisotropy! K, for an Fe/Cu bilayer was only slightly larger then the
value of K, for the reference sample. Magnetic parameters of the standard
S5Fe/20Au sample and the bilayers 5Fe/12Cu and 9Cu/10Fe are shown in Table I.

TABLE I. Magnetic parameters of the Fe/Cu and
Cu/Fe bilayers. The 2K;/Mg; is the strength of tne

in-plane fourth - orcder anisotropy field (Ref.5).

Sample (4MMg) efs 2Kq /Mg
(kG) (kOe)

at 295K at 77K at 77K

Ag/5Fe/20Au 6.10 6.93 0.220
Ag/5Fe/10Cu/20Au 3.08 1.72 0.280
Ag/9Cu/10Fe/20Au 13.50 13.75 0.285

We have studied the exchange coupling between Fe layers separated by
bce Cu using the trilayer structure 5Fe/xCu/10Fe for
x=5,6,7,8,9,9.5,11.6,12.6,13.7. Two Fe layers with different magnetic
properties are needed to cbserve the acoustic and optical modes!. In our
case this was achieved by using 5 and 10 ML Fe films which exhibit
different (4nMg)e¢s, See Table I. The positions and intensities of both
modes depend in a complicated way on the properties of the individual
layers and on the strength of the exchange coupling ARB, for a detailed
discussion seel. We calculated A*B by means of a least squares fitting
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routine using as starting parameters the magnetic properties of the Fe/Cu
and Cu/Fe bilayers along with the detailed theoretical model of exchange
coupled ultrathin magnetic bilayersS.

Antiferromagnetic coupling? was cbserved for Cu interlayers thicker
than 8ML. At room temperature these samples showed both the acoustic and
optical FMR modes. For trilayers with x=8, 9.5 and 11.6ML the exchange
coupling APB was so strong at 77K that only the acoustic mode was observed.
Strong antiferromagnetic coupling decreases the intensity of optical mode
and shifts it to high magnetic fields which are beyond our experimental
limits. At room temperature the maximum antiferromagnetic coupling occured
at ~11ML (see Fig.l). It is worth mentioning that during the growth process
Cu undergoes a structural reconstruction for thicknesses above 10-11ML. Our
results show that antiferromagnetic coupling does not depend on the
structural change in the Cu interlayer. For all temperatures we cbserved
ferromagnetic coupling in trilayers with Cu interlayer thickness between 5
and 8ML. Only the acoustic mode was observed for samples having 5 and €ML
of Cu. The sum of the moments from SFe/Cu and Cu/10Fe bilayers is close to
the measured moment in these trilavers. The trilayers with 7 and 8ML thick
interlayers have a small enough ferromagnetic coupling that both the
acoustic and optical modes could be observed allowing one to determine the
ferromagnetic exchange coupling 2*B. Fig. 1 shows the thickness dependence
of the exchange coupling on the Cu interlayer thickness.

We have studied the exchange coupling as a function of temperature in
trilayers with 8 and 13.7ML thick Cu interlaver (see Fig. 2}. The samle
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with 13.7ML of Cu exhibited a monotonically increasing antiferromagneticr
coupling (almost a factor of 2) when the temperature decreased from 295 to
77K. The 8ML Cu sample exhibited a non monotonic change of ferromagnetic
coupling between 295 and 77K (see Fig.2). This is not a surprising result
if we assume that the exchange coupling is electronic in nature. This 8ML
sample is very close to the thickness where the coupling changes from
ferromagnetic to antiferromagnetic. The changes in band structure induced
by thermal expansion can easily effect the balance between ferromagnetic
and antiferromagnetic tendencies. From magnetization measurements we have
estimated that the change of the magnetic moment in 5Fe/10Cu and 9Cu/10Fe
bilayers is not greater than 20 to 25% between 295 and 77K. This result
suggests that the exchange coupling mechanism is not due to dipole
interactions but is caused by electronic properties.

Recently ©7/8 a great deal of attention has been paid to the
antiferromagnetic coupling in the Fe/Cr/Fe system. Comparing the bcc
Fe/Cu/Fe and bcc Fe/Cr/Fe systems we note that the Cu interlayer couples
the Fe layers approximately as strongly (for equivalent interlayer
thicknesses) as Cr. The maximum of antiferromagnetic coupling in Cr occurs
around 6ML while in Cu it occurs at 11ML. Therefore the antiferromagnetic
coupling through Cu is more spatially expanded than in Cr. Unlike Cr the Cu
does not have any holes in its d band and therefore the strength and
spatial extent of the antiferromagnetic coupling in Cu is a surprise and
challenge to theoretists.

We have found that: (1)A Cu overlayer decreases the magnetic moment in
Fe/Cu and Cu/Fe bilayers, approximately 1.0Ug per interface atom. (2)
Uniaxial perpendicular fields and the in-plane 4th order anisotropy K; in
the Fe layer were only weakly affected by the Cu overlayer. (3) Magnetic
coupling in bcc Fe (001) /Cu(001) /Fe (001) trilayers changes from
ferromagnetic to antiferromagnetic for Cu interlayer thicknesses between 8§
to 9 ML. (4) The maximum of antiferromagnetic coupling occured at ~ 11 ML
of Cu. (5) The antiferromagnetic coupling is not affected by the lattice
transformation observed for Cu interlayers thicker than 10 - 11IML. (6)
Ferromagnetic and antiferromagnetic coupling exhibits strong temperature
dependence. This suggests that the source of the magnetic coupling is of &
electronic nature.
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LASER ABLATION DEPOSITION OF METALLIC THIN FILMS

. *
James P. Gavigan

Laboratoire Louis Neél - C.N.R.S.
25 av. des Martyrs
B.P. 166X ~ 38042 Grenoble Cedex, France

INTRODUCTION

Laser ablation deposition (LAD) is a thin film preparation technique
in which a high powered laser beam impinges on a target causing the
ejection of material which is subsequently collected on an appropriately
placed substrate resulting in the growth of a thin film. In principle, this
is a very elegant and simple technique compared to other established vacuum
deposition methods (sputtering, electron gun & thermal evaporation, etc..)
and discussion of its many advantages (e.g. congruent deposition &
composition control, high deposition rates, ablation of any material,...)
can be found in the literaturel. However, coupled with its versatility are
the very complex problems of: 1) the laser-matter interaction which varies
drastically with both laser parameters (wavelength A, pulse length T,
irradiance I,..) and the optical/thermophysical properties of the target
material, and 2) the non-equilibrium processes governing the expansion and
interactions of the ejected material and the subsequent nucleation and
growth of a thin film. In spite of the huge body of literature which exists
on various aspects of LAD, unfortunately no complete coherent description
has been formulated which could serve as a practical guide.

In this paper therefore, the aim is to discuss some of the LAD processes in
the case of metals and to try to extract some practical guidelines from
available experimental results. In the field of nanostructured magnetic
materials, the most exciting possibility for LAD is in the growth of
epitaxial films and multilayers of compounds such as those between rare
earths and transition metals (as well as ferromagnetic oxides). Epitaxial
films of ¥YNi. have recently been grown on sapphire substrates using this
techniquez.

LASER - METAL INTERACTION
In this section, aspects of the laser -~ metal interaction are

considered in the light of commonly available laser parameters: i.e.
wavelengths in the range 10.6 um (CO, laser) to 193 nm (Excimer/ArF laser),

Post—-doctoral research fellow of the Commission of the European
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Figure 1. Reflection coefficient of Cu and Ni as a function of
wavelength, calculated using experimental optical constants3,

irradiances (fluences) up to 10%? Wem 2 (100 Jem™2) and pulse durations from
a few picoseconds up to a millisecond.

The interaction of an intense laser pulse with a metal target is
highly non-linear, involving extreme transient phenomena associated with
the target's optical and thermal properties (temperature dependence of
reflectivity, thermal conductivity, heat capacity,..), phase changes
(melting, vaporisation, critical state, plasma formation & its interaction
with laser pulse) and mechanical response (recoil-pressure—induced melt
ejection, shock wave spall,..). In a metal, the absorption of 1light energy
is a purely pyrolytic (thermal) process (as opposed to a photolytic process
which involves bond breaking, photo-ionization, etc), provided the rate of
arrival of incident energy is on a time scale longer than the relaxation
time for electron-electron (1071¢ s) and electron-phonon interactions (107~
s)3. This condition is satisfied by most types of laser radiations except
perhaps femptosecond pulses and glant laser pulses for plasma fusion
studies which can generate irradiances greater than 10°' Wem™ 4. The laser
pulse therefore acts primarily as a heat source at the target surface, but
the generation of appreciable evaporation for thin film deposition depends
very much on the afore mentioned transient conditions produced by the
laser.

. {1libri . .

For low incident irradiances (= 10° Wcm™?), evaporation is a rate-
limited process and is directly proportional to the exponential temperature
dependence of the vapour pressure; i.e. surface melting and evaporation
occur under quasi-equilibrium conditions. The amount of energy absorbed
depends on the surface reflectivity R (= [(n-1)? + k2]/[(n+1)2 + k?], n
& k are the optical constants) which in turn depends on wavelength (R)
(figure 1), temperature (T) and to some extent on surface morphology. R
normally decreases with decreasing A (figure 1) making U.V. wavelengths
more favourable. Note that on melting, metals show a drop in reflectivity
as do solid surfaces with increasing rugositys. The surface temperature is
determined by the volume of metal (v) heated by the absorbed energy and its
thermophysical properties. For a uniform surface irradiance, v 1is
proportional to the thickness of the heated layer. Two situations are
possible: 1) in the first case, when lg 2 lp (where 1, = A/4nk is the
optical absorption depth and 1lg = V¥2DT is the thermal diffusion depth,
where Tis the pulse duration, D = X/Cy,p is the thermal diffusivity,
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K is the thermal conductivity, €, is the heat capacity and p is the
density), then v « 15 ; 2) in the second case when 15 < 1lp, v =< 1lp. For
metals, a typical value of 1y is 20 nm while typical values of 1lp = 1 um
(ns pulses) and = 50 nm (ps pulses), with D in the range 0.1 - 1 em?s™1;
i.e. 1y < 1lg. The average temperature rise in the heated layer is given by
AT = [I°C]/[CvpV2Dt] where I is the absorbed portion of the incident
irradiance. If the amount of energy absorbed by the effected volume equals
or surpasses the heat of sublimation Hg;, then a fully developed evaporation
regime establishes itself which is characterized by the threshold Iy, =
HspJ(D/t). Carrying out an order of magnitude calculation (taking H; =
10 kJg”l, p = 10 gem™3, D = 0.5 cm?s™}), one gets values of I hr €qual to
108, 108 and 10!° wem™? for respectively ms, ns and ps pulse durations.

Breakd c {—equillibri

In what has been stated so far, a quasi-equilibrium situation has been
assumed. In reality, for thin film deposition, when working in a fully
developed evaporation regime, this is far from being the case. Thus the
above description can only be considered as a poor approximation. Indeed,
under intense laser irradiances, the normal optical response of a metal is
no longer valid as all target materials breakdown into a highly absorbing
state (heating rates can reach over 10'? Ks™' resulting in surface
temperatures of several thousands of Kelvin in less than a nanosecond). A
number of authors have commented on this factls6~8 of which ref.7 includes
a coherent explanation based on a metal-insulator transition of the melt
which becomes a liquid dielectric as the interaction drives the temperature
to values of the order of the critical temperature T, (the temperature
above which a substance has no liquid - vapour transition; i.e. a substance
cannot exist in the liquid state above T, regardless of pressure). The
recoil pressure of the ejected material which permits the melt to reach the
critical state is of the order of 103 atm.’/9,

In the quasi-equilibrium situation considered above, the thermo-
physical properties C,, X, p, etc were assumed to be constant, but the
extreme transient temperatures attained for fully developed evaporation
demand the consideration of their temperature dependence. A comprehensive
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Figure 2. a) Reduced electrical conductivity Oggp = Opp/CGp versus
reduced temperature, [T - Tm)/['rc - T,) for K, Na, Rb & Cs; b) thermal
conductivity versus T for Cu, Ag & Au with listed values of melting point,
normal boiling point, curve maximum and critical pointlo.
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review article by GrosselO for example, discusses the electrical (6) and
thermal (X) conductivities of metals over their entire liquid range from
the melting point T, to the critical temperature T, (figure 2). G
decreases exponentially to reach zero at T, (note that Gis related to the
optical constants via nk = poA/c where U is the permeability) and that
K varies in a parabolic manner increasing from T, to a maximum before
gradually falling off to zero at T,. Such behaviour is consistent with the
results and interpretation of ref.7.

PLASMA PRODUCTION

A feature of LAD 1is that the ejected vapour cften appears as a
luminous plume Jjust above the target impact region. In this section, the
nature of this expanding plume and its influence on the interaction
processes is considered.

An interesting paper by Bykovskii et a1ll reports a detailed study of
the neutral and ionic composition of the plume issuing from several metal
targets (e.g. see figure 3) for irradiances up to 10!° wem™?. At and above
Iipher the plume is essentially composed of neutral species (E = 10 eV, v =
1000 ms-!) with a second higher threshold corresponding to the appearence
of an ionic component (plasma). Further increasing I increases the plasma
density which in turn will increasingly absorb the incoming laser pulse
through inverse Bremsstrahlung processes, possibly resulting in total
screening of the target. In such a situation, the laser energy goes into
heating the plasma, generating high kinetic en=rgy excited neutral and
ionic species which play an important role in the growth mechanism of the
thin films. The energy Spectra of both ions and neutrals can reach up to a
few keV, the average ion energy always being higher than that of the
neutrals. Experiments also show that increasing I translates into an
increased kinetic energy of the expanding plume rather than an increase in
the proportion of excited state species.

Note that a plasma is characterized by a frequency Oy where mpz =
{4ne2ne]/me such that any frequency less than mp is absorbed (ng is the

particle density in the plasma). Thus the cut-off plasma densities for a
Co, (A = 10.6 pym), a Nd:YAG (A = 1.06 um) and an excimer (A = 120 nm)
are respectively ng = 10'%, 10! and 10’3 cm™® 4. This means that for a

given irradiance value, more energy is coupled directly to the target for
U.V. wavelengths resulting in a much higher plasma density than for I.R.
wavelengths. Further discussion of the properties of these laser produced
plasmas can be found in 4¢ 8 and in a series of three papers by Gapanov and
co-workersl2-14,
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Figure 4. Electron microscope images of deposited metal droplet particles,
with a measured velocity distribution for an Y deposit (1.064 pum/20 ns,10
Jem™?); insets show rotating substrate device and scematic diagram of a
typical deposit.

MELT EJECTION

The major inconvenience of LAD 1s due to the recoil pressure of the
escaping vapour plume acting like an acoustic "“Jjack hammer® on the melt
surface with the resulting effect of flushing out the liquid metal from the
impact region, giving rise to a crater and a spray of liquid droplets of
size 0.1-10 pum (figure 4). These droplet particles can constitute a mass an
order of magnitude greater than that of the ejected vapour and are
deposited on the substrate spoiling the film quality. This melt ejection is
obviously a threshold limited phenomenon (depending on melt density,
surface tension, recoil pressure,..) and it has been modeled by a number of
authorsl5-16, Unfortunately, it always occurs when operating in practical
thin film preparation conditions with fully developed evaporation. Other
contributing mechanisms than the above have been suggestedl'8'17 as well as
several possible methods for solving the probleml'quls. Given that the
average velocity of the droplets (= 200 ms™* - figure 4) is orders of
magnitude lower than that of atomic and ionic species (10%-10° ms™), the
idea of a mechanical velocity filter is a simple and feasible solution to
the problem. The idea consists of intercepting the droplet particles in
their flight path from the target to the substrate. The choice of a maximum

Substrate

Figure 5. Diagram of a prototype UHV compatible
velocity filter designed to rotate at 500 Hz.
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cut-off velocity of 1000 ms~! and of a typical target-substrate distance of
10 cm, determines a shutter time of 1 ms. This can be achieved by rotating
a disc (r = 10 cm) with a 5 cm slit at 800 Hz (circumferential velocity of
= 500 ms™!) (figure 5)19.

CONGRUENT EVAPORATION/DEPOSITION

Congruent evaporation of a multicomponent target is achieved using LAD due
to the fact that with intense laser pulses, temperatures of several
thousands of degrees are reached almost instantaneously resulting in the
simultaneous evaporation of all elements irrespective of their equillibrium
vapour pressure versus temperature behaviour. It also depends on the
complete thermal cycle associated with melting and resolidification being
faster than the time necessary for appreciable segregation or fractionation
of the different species to occur via atom.. diffusion. Using values for D
= 0.5 em?s”! and a typical value for D,rom (the atomic diffusion coefficient)

Table I. Melt depth, resolidification & diffusion of metals versus T

Pulse duration: T 35 ps 20 ns 1 ms

Melt lifetime: t .. 1 ns 1 ms 3L ms

Melt depth: V2Dt 6C nm 1.5 pm 0.3 mm (300 pm)

Solidification vel:u| 100 ms™! 1073 ms~! 107" ms™?!

diffvsion distance:

V2D, 5n¥/ ul 1.4 A 36 nm 0.1 um

Nete: Typical values of 0.5 & 5 x 1073 cmls ! were taker for re.pectlvely U & Do ..

for liquid metals of 5 x 1075 cm’s 1 20, cone can see in Table I that the

diffusion distance (= ¢[2Dat°my/u], where Y is the inter-atomic distance
= 2 B) associated with the passing of the :olidification front (at a speed
u) is much less than the melt depth. In =he case of s and more so ms
pulses, diffusion distances of greater than Y may lead to some
segregation to the surface, but in spite of this, stoichiometric
deposition is still maintained, even by abl ting with repetitive rastering
of the laser beam over the same target surfe -z region.

PLUME - SUBSTRATE INTERACT1UN

The laser produced plume which can nave particle densities up to 1C-°
cm 3, expands rapidly into the vacuum towards the substrate and can give
rise to instantaneous deposition rates of up to 10°° As™, a condition not
possible in other vacuum deposition tectaiques. Such a situation gives rise
to an "“effective vacuum" a few orders of magnitude lower in terms of
impurity incorporationl. These large particle fluxes are characterizcd by a
high degree of supersaturation, Ap = kT 1ln(P/P_,) (where T is tre plasmc
temperature and P & P, are the actual and equilibrium pressuies in the
plume. Metev and Meteva<l have proposed a kinetic iwdel for the nucleation
and growth of thin f£ilms for such far-from-equilibrium conditinns. They
propose an analytical expression to predict the mean monolayer coverage at
which a film becomes contirnuous as a function of deposition conditions and
material (film & substrate) properties.

Given the presence of high energy species in the plur2, partial
sputtering of the substrate and resputtering of the film may occur, giving
rise to a collisional region at the subrtrite surface which acts as a
thermalizing zone for the incoming flu It has been suggested that such a
condition favou.s epitaxial growth. Congruen. deposition is alsc favoured

86




since the collisional region acts as a remixing zone to compensate for any
segregation that may occur in the inertial expansion of the plume from the
target to the substrate. Note however that for the appropriate LAD
conditions, the tendency in any case is for no segregation to occur due to
the high supersaturation: i.e. the inertial expansion is diffusive
hydrodynamic with the mean free path B<< the target - substrate distance
d, compared to a more conventional situation of a free molecular flux,
where with ® > d, expansion can lead to segregation.

Other parameters play an important role in the plume =~ substrate
interaction, such as substrate temperature and morphology and parameters
particular to a given experimental situation {such as the interaction
chemistry of the ablated elements and the elements in the substrate,
etc..). In fact this whole area of LAD is the least disposed to a
systematic type study as is evident from the few reports in the literature.
Indeed, a general description of the kinetics of thin film growth for
equilibrium conditions is itself an enormous task whose present status is
far from complete.

DISCUSSION AND CONCLUSIONS

At this point, some general statements can be made about LAD of
metallic thin films.

Firstly, the choice of laser wavelength is not critical so long as the
irradiances are high enough to cause fully developed evaporation of the
target. The most practical lasers from this point of view are pulsed
nanosecond Q-switched Nd:YAGs and excimers with energy per pulse of the
order of a Joule, which easily generate the necessary irradiances and can
be operated at high repetition rates. The disadvantage of going to ps
pulses is that the threshold irradiance increases, similar energies per
pulse as for ns are harder to attain, evaporation is less efficient and the
damage threshold for the laser optics is more critical. For ms pulses,
while the evaporation is more efficient, the melt ejection problem is
considerably worse due to the large melt depth. Furthermore, the necessary
irradiances (depending on the focusing), require very large pulse energies
(~ 10 - 103 Joules). Such lasers are more suited to industrial type
applications such as drilling and cutting given the large crater depths per
pulse (up to a millimeter). Nonetheless, they still can be used to deposit
films, and, as the average energy of the species in the plume is low (= 0.5
eV) compared to working with shorter pulses, one can get very smooth films
and sharp interfaces due to the absense of high energy induced damage and
mixingl4'21. However, deposition rates of 0.1 um per pulse14 exclude the
growth of ultrathin films of nanometer dimensions.

One process however, which is sensitive to wavelength is the laser
pulse - plume interaction. Given that I.R. wavelengths are more easily
absorbed than the visible or U.V., they will generate higher kinetic energy
species (through plasma heating) but lower particle densities. On this
basis, choice of wavelength will depend on the trade-off between the
beneficial effects on the film growth mechanism?? and the induced damage of
energetic particles. In practice, LAD will always generate particles of
non-thermal energies (2 1 eV) even for near-threshold ablation, thus giving
high adatom mobility on the substrate and favouring epitaxy in the absense
of very high energy species (2 100 eV). The epitaxial ¥YNiy films of ref.2
were grown for such near-threshold ablation conditions.

Another advantage of near-threshold ablation is that much less melt
ejection of droplets occurs than for far-above-threshold ablation. However,
deposition rates are low. It is also possible to reduce the amount of melt
ejection by defocusing the laser beam to irradiate a large surface area.
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While melt ejection will still occuri®, the droplets will follow laterally
divergent trajectories from the evaporating surface normal?3 (i.e. the
direction of expansion of the vapour plume), as opposed to emerging as a
collimated jet for a tightly focused beam. In such a situation, the
deposited droplet density will be a strong function of the target -
substrate distance. Such reduction in droplet deposition is also
corroborated by experimental results showing a ¢~! dependence for crater
depth per pulse at a fixed irradiance, where ¢ is the irradiated spot
diameter

In spite of these facts, if one wishes to exploit the versatility of
LAD for a wide variety of materials, it is much better to have a process-
parameter—-independent means of dealing with the droplets such as the
velocity filter described above (figure 5).

In conclusion, it may be said that LAD is a very powerful thin film
preparation technique, the potential of which is only beginning to be
exploited in the field of magnetic thin films and multilayers. Some of its
aspects have been discussed in this paper with particular reference to
metals, with the aim of identifying some general trends to act as
guidelines for its use in the growth of droplet-free, ultra-thin, epitaxial
films. An extensive review of LAD can be found in the paper by Cheung and
Sankurl, including discussions of other aspects of the technique not
addressed in this paper.
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Exchange Coupled Films for Magneto-Optic Applications
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ABSTRACT

Exchange coupled bilayers are used to provide improved Kerr effect signals in
magneto-optic storage media. The effective bias obtained by coupling one film to an-
other can be used to control the switching characteristics of the medium. In simple
systems the coupling can be characterized by an interfacial wail energy. When the
magnetic layers are thin compared tc the wall width, however, the wall energy model
is not expected to hold.

INTRODUCTION

Magneto-optic digital information storage uses the Kerr rotation of the medium for
data readout. The medium must also have certain magnetic characleristics suitable for
stable information storage including perpendicular easy axis magnetic anisotropy. a
square loop. and a high coercivity at ambient temperatures. It is sometimes difficult to
find a single material with both 900(1 readout properties and good storage properties.
This has lead to the suggestion“ that the medium be made of two materials exchange
coupled together. One with good square loop properties is used to store the information
(called the storage layer, ST). The other serves as a transducer for magneto-optic
readout of the stored information (called the readout layer, RO). The RO layer must
have a farge Kerr rotation at the waveiength of interest but it need not be optimized with
respect to coercivity or squareness. The magneto-optic (MO) Kerr effect only samples
the magnetic state of the surface within the optical penetration depth. This makes it
possible, in principle, to exchange couple two layers so that one largely controls the
information storage characteristics while the other provides a larger Kerr effect readout
signal.

Exchange coupling to improve the signal/noise ratio (SNR) at the wavelength of
interest is not the only application in MO storage media. Other applications come from
the effective hias field that one exchange coupled layer exerts on another. These ef-
fects are a consequence of the energy of the domain wall at the interface between the
two exchange conpled layers. The effective bias field influences the switching proper-
ties of the couple and may be used in direct overwrite systems which make it possible
to write or erase data without switching the applied magnetic field. Several direct
overwrite systems using various combhinations of exchange coupled films have been
demonstrated™?. The adjustment of the exchange wall energy is an important require-
ment of making these systems practical”.

A third type of MO system where exchange coupling is important is in magnetic
multilayers. These are multilayer stacks of a magnetic elemant, typically cobalt. with a
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nonmagnetic meta! in between. There is interest in these materials for MO applications
because they have perpendicular anisotropy and square loops when the Co layers are
in a certain thickness range . This anisotropy seems to be associated with the interface
between the magnetic and the nonmagnetic metal. One relevant question is are the
magnetic layers exchange couyled in these systems? Recent resuits suggest that in
at least some of these systems’ the intermediate layer element has a magnetic moment
and is antiferromagnetically ordered. The magnetic moment and optical properties of
the filler metal also influence the MO properties of the mulftilayer”.

In this short review the emphasis will be on a simple model which considers the
exchange coupling in terms of the wall energy at the interface between two layers. The
limitations of this model when the wall width is greater than the film thickness will be
discussed. The use of magneto-optic techniques for extracting information about the
wall structure will also be described.

EXPERIMENTAL PROCEDURE

Films of amorphous alloys of the rare earth metals (RE) and the magnetic transition
metals (TM) were typically prepared by evaporation of the constituent elements from
individual electron beam sources. A multitarget sputter gun deposition system was
used in some cases as described elsewhere’. In all cases the layers were deposited
without breaking vacuum between layers. The films were characterized at room tem-
perature on a vibrating sample magnetometer and magneto-optic Kerr loops were made
at room temperature wiih the light incident on the films surface as well as at the film
substrate interface. Faraday loops were also made at room temperature on the same
apparatus on all samples that were thin enough (> 80 nm) using a HeNe laser operating
a 633 nm. Selected samples were studied in a magnhelo-optic spectrometer in the
wavelength range of 450 to-750 nm. The optical dewar is equipped with a 70 kG split
coil superconducting selenoid and the sample temperature can be controlled from 1.2
to 300 K.

EXCHANGE COUPLED BILAYERS

The simplest kind of couple to consider is a high Kerr rotation readout layer with
a low coercivity and a high coercivity storage layer where both layers have perpendic-
ular easy axis anisotropy with Q > 1 (Q=H,[4rM_ where H, is the anisotropy field). The
switching field which is the effective coercive field of the couple has been treated by
considering the energy difference between the initial and final states. There are three
types of systems depending on whether the films of the couple are on the same (Type
i!) or opposite (Type I) sides of compensation or Type il in which the rare earth sub-
networks are oppositely oriented when the TM subnetworks are pointing the same di-
rection (see Figure 1). We will only consider the Type | couple here: the other cases
are treated in references 1 and 2. In a Type | couple, Fig. 1, the upper layer is TM
dominated and has net magnetization M+ and the lower layer is RE dominated and has
net magnetization M-. In a large applied field the net magnetization of both layers will
point in the field direction as shown in the figure as state 2. The subnetwork
magnetizations in the two layers are pointing in opposite directions in the two layers.
Since the spins of a given sublattice are ferromagnetically exchange coupled, it is en-
ergetically unfavorable for the spins to change direction abruptly at the interface. Thus
a wall must form at the interface in which the spins change direction gradually. The
energy per unit area of the wall a,, is the main barrier to swilching the sublattices to
antiparallel orientation and thus largely determines the switching field. As with a 180°
Bloch wall the wall energy is given by:

My ™ 4\/2\K_u-_ (M

where A is the exchange stiffness and K, is the anisctropy energy. The wall will form
in the lower anisotropy material, in most casas, bocause the wall energy is lower there.
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The wall width for a 180° Bloch wall is given by:
5~ JATK, 2)
so if the low anisotropy layer is very thin the wall width may exceed the layer thickness
and the simple interface wall model' would no longer be expected to be valid.
To use a RO layer to read the stored data it is essential that the films be strongly
coupled. In other words, the field to switch from state 1 to state 2, H;, must be greater
than the field needed to reverse both layers together, Hy,. The switching field of the

bilayer is calculated, following Kobiyashi et al' from the difference in free encrgy in the
initial and final states. In the initial state, Type | state 1, the total free energy is :

Ey = +MgtiH - Mot,H (3)
The final state, Type | state 2, has the free energy:

E2 = —*Ms1t1H MMSQTZH -4 HW (4)
where M; is the saturation magnetization of the ith layer, t; is the thickness of the ith
layer, H is the applied field and a,, is the interfacial wall energy per unit area. When the
free energy difference between states 1 and 2 equals the coercive energy given in this
case by 2Mg tiH ; because only layer 1 is switching, then the field H—H,, will be

needed to switch the couple. Therefore:

By~ Ep = 2MgtyH, (5)
a
Hip= + 55— —H (6)
12 2M51t1 ci

When both layers switch together the wall term drops out because the wall is the same
in both the initial and final states. The switching field is given by:

= MsitiHey FMgotoHe, -
" Mgty + Mooty

The switching field in this case is a weighted average of the coercivities of the individual
layers where the weighting factors are the Myt products.

The results of a study of the thickness dependence of the Kerr signal and the ef-
fective coercivity, Hy4 are shown in Figs. 2 and 3. The RO layer was an amorphous film
of Nd20 Th5 FeCo75 with a Kerr rotation of about 34 min. at 633 nm and a coercivity of
0.9 kOe. The ST layer had the composition Nd 10 Th 20 FeCo70 with a rotation of 17
min and H; of 5.3 kOe. As the RO layer thickness is increased the Kerr rotation in-
creases to the bulk value of the RO layer when its thickness is 20 nm (200 A) or over
(see Fig. 2). The coercivity decreases monotonically following the calculated switching
field, Hy4 given by equation 7. The other calculated curves in this figure show the de-
pendence of the switching field on RO layer thickness with the ST layer thickness as a
parameter. This example shows that it is possible to double the Kerr rotation with a
RO layer but the coercivity of the couple is about half the value of the ST layer alone.
Also, this improvement can only be obtained when the total film thickness is fairly large,
160 nim (1600 A ).

Exchange coupled tayers of CoPd on amorphous ThCo alloy59 have also been
studied. When deposited as a single layer, CoPd has weak perpendicular anisotropy.
This alloy has a high rotation at about 400 nm making it of interest for high density
storage ~. These systems are similar to exchange coupled RE-TM systems shown in
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Fig. 1 but with the RE subnetwork magnetization vector reduced to zero in the upper
layer. When the films are on opposite sides of compensation, as in the couple
CoPd/Th25C075, the system is Type |. In the case of weak perpendicular anisotropy.
however, these diagrams are only appropriate for the saturated states when the net
magnetizations of both layers are forced into the direction of the applied field. Consider
Type i, state 2 with the net magnetizations of the two layers pointing in the same di-
rection. The Co subnetworks point in opposite directions so ithers must be a 180° do-
main wall between the layers in a saturaling field. in the case of a simple Type | RE-TM
couple, the system can relax when the field is removed so that there is no wall at the
interface (Type |, state 1). i, however, the read out layer is an in-plane material its
magnetization will go in-plane when the field is removed. In this case, state 1 will con-
sist of a RO layer with its magnetization in-plane and a RE-TM layer with perpendicular
spins. The spins will not turn 90° abruptly, at the interface but rather will form a wail
of a different energy, 4,4, in state 1. The switching field will depend on the wall energy
difference Anw (Z=a.o - ) which will always be less than the case where there is no
wall in state 1. This means that Hy, will be smaller when the RO layer is in-plane. The
CoPd/TbhCo couples behave more like the in-plane RO layer case with a 90° wall in zero
field.

Since the polar Kerr signal is largest when the magnetization is perpendicular. an
in-plane RO layer gives a weaker MO signal. On the other hand., if the in-plane RO layer
is comparable in thickness to the wall width, most of the spins will have a projection on
the perpendicular axis and wi'l contribute to the polar MO signal. In fact, because the
wall width is inversely dependent on the perpendicular anisotropy. Eq. 2, a low
anisotropy (in-plane) material will have wider walls. The wall width in the CoPd films
can be estimated from the exchange stiffness, A, the Q and M_. The loop character of
the CoPd alloy is rather like that of a bubble domain material indicating that Q is.about
1 (Q=H,/47M,). 1t is convenient to express K, in terms of Q using the definition of
H, =2K,/M, so that:

K, — Q(27M2) (8)

Then Eq. 2 can be expressed:
5~ /;6' J Al (9)
v
For CoPd, 47M_ is 8000 G giving 2rM2 = 2.55x10%ergs/em® and A is 4x10 S ergs/em. |If
Q — 1 equation 9 gives a & of 12.5 nm.. Thus in the weak perpendicular anisotropy
range with Q equal to or slightly less than 1, the wall width can be expected to he
comparabhle to the thickness of the RO layer,

The Faraday rotation can be used to extract information aboui the portion of the
CoPd film with a perpendicular orientation. Maost probably, the spins in the CoPd turn
from the perpendicular to the parallel direction as in a 90° domain wall. There may be
however, some thickness which maintains the perpendicular orientation before the 90°
wall. For simplicity, we have modeled the system by dividing each CoPd layer into two
regions, perpendicular at the TbCo interface and in plane beyond a critical thickness,
t, from the interface. We can expect t, to be of the same order of magnitude as & but
somewhat smaller because all the spins in the wall are not perpendicular. When the
CoPd thickness (t,) is less than the critical thickness (t,) the remanent rotation (0¢,.,)
should be equal to the saturation rotation (A._,,) because all the spins in the CoPd are
perpendicular and contribute fo the rotation in both cases. Whei t; ~t, only the spins
within the thickness t, will contribute to the rotation in the remanent state. The differ-
ence in rotation is then given by:

ty -t
Oesar ~ Orrem = Ap = Oy T ) (10)
We know #,. the saturation rotation of CoPd (1_9x105°/cm at 633 nm) from independent
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Fig. 1 Schematic represeniation of three types2 of exchange coupled bilayers.
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measurements so we can extract t, from the thickness dependence of A,. Inref. 8.t
was shown to bhe typically 6 nm for a triple tayer film with CoPd on both sides of
Th5Cogg5 and 4 nm for a double layer film with CoPd deposited first. When the exchange
coupling was broken by exposing the CoPd to air before the ThsCogs deposition, t, was
7ero.

CONCLUSIONS

Several kinds of magneto-optic media depend on exchange coupling to obtain im-
proved performance. tn RC/ST hilayers the improved Kerr readout signal requires that
both layers switch together so that the magnetic state of the RO layer accurately reflects
the magnetic state of the ST layer. This requires that the interfacial wall energy be as
large as possible so that there is a large barrier to decoupling of the layers. In direct
overwrile applications, the wall energy miist be adjusted to an optimal vahms. As dis-
cussad in this paper. the switching properties of the exchange coupled bilayer are a
kind of weighted average of the individual film properties. The switching properties of
tlhe RO layer, therefore, are not completely irrelevant. Also, the RO layer should he as
thin as possible because thickness enters into the weighting.

When the RO layer is inplane or has weak perpendicular anisotropy only a small
thickness of the RO fayer will remain couplnrf in the remanent state. Because of the low
anisotropy in the RO layer a 90° wall tends to forin in the remanent state. The wall width
will be comparable 1o the thickness of the RO layer, the penetration depth of the light.
However, the spins closest to the interface are perpendicular or near perpendicular so
they still contribute to the polar Kerr signal. The effective thickness of this perpendic-
ular layer in CoPd is 3 to 4 nm. In this connection, a few comments are in order on the
techinologically important couple of PtMnSb/Tpr”, This couple is of interest becanse
FtMnSb has the highest Kerr rotation at room temperature of any known material’“. The
PiMnsh has no perpendicular anisotropy so a 90° wall would be expected in the
remancnt stale. It may be that the MO rotation of the wall spins can account for some
i ihe anomalous Kerr loops observed with thin (12 nm) PtMnSb layers

In multitayer metal films the individual layers are much thinner than the wall width.
These systems are furlther complicated by the fact that the metal between the Co layers
is typically nonmagnetic or antiferromagnetic. Understanding the exchange coupiing in
these multilayers will probably require a much more atomistic picture. Magneto-optic
spectroscopy may become an important tool in the analysis of the type of coupling
present in these multilayers.
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INTRODUCTION®

The magnetic domain structure in Co and Co-based alloys is strongly influenced by the
pronounced crystalline anisotropy of hep Co. The energy associated with this crystalline
anisotropy is given by:

I, = K, sinl - K, sinth +...

where K, and K, arc the first and sccond anisotropy constants respectively and ¢ is the angle
between the magncetisation and the c-axis. At room temperature K, and K, are both positive
and K, is greater than K,, which results in a strong casy axis along the c-axis dircction. At
temperatures above 325“(2.' both K, and K, arc negative and the casy axis lics in the basal
planc of the hexagonal unit cell. Between ~245°C and 325°C, 0= <K, < 2K, and the casy axis
lics at an angle 2 to the c-axis' which is given bwv:

0 = arcsin{ —K\|2K,))'"?

Iigurc 1. shows the anisotropy energy as a function of temperature for various angles of the

magnctisation. It is obvious from this plot that not only docs the casy axis direction change -+

from the c-axis to in-plane, but that the strength ol the anisotropy deercases from its room
temperature valuc to a minimum around 280°C and then increases again as the casy axis
rotates into the basal planc.

E, (10° ergs/cm?)

200
Temparalure (°C)

Figure 1. Anisotropy cnergy ol Co vrs temperature for various angles between M and the
c-axis.
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~ The variation of the casy axis direction with temperature has been studied by a number
ol groups using Lorentz electron microscopy, mostly m well annealed single crysial samplcs,
and the rotation of the casy axis with increasing temperature has been experimentally
verified” ' However, the eflect of the change in the amsotropy direction on the domain
structure ol polycrystalline Co films has not been investigated ‘on a micromagnetic scale.
Neither has the effect of the change in the strength of the amisotropy on the micromagnetic
domain structure been studied. ’

In this work the donain structures in single erystal and polycrystalline Co films have
been investigated as a function of temperature; from 20°C to 316°C in the case of the single
crystal sample, and from 20°C to 400°C in the case of the polyerystalline sample. - The
domain patterns were obscrved using differentinl phase contrirst  Lorentz  transmission
electran microscopy® (hereafter called DPC),

EXPERTMENT

The single erystal sample used in this work was prepared from a single crystal Co ingot by
mechanical polishing and finally ion milled to electron transparency.  No anncaling was
carried out after the sample was thinned and as @ result many crvstallographic twins were
seen in the sample. The polyerystalline sample was a 360A thick R.I°. magnetron sputtered
Co film on a 200A thick Cr underlaver. A S1,N,; membrane® was used as a substrate for casc
of observation in the TEM.

The microscope used fTor the investigation was o JEOL JEM20001'X TEM with a
scanning attachment. The microscope has an cight segment position sensitive detector for
Dpe im;u’:ing and computer controlled image acquisition, both of which have been deseribed
clsewhere’ ®, The DPC technigue basically maps out the integrated in-plane induction at the
sample by measuring the angular deflection of the beam due to the sample at each point in
a regular raster sean.

The samples were heated in situ in the microscope using @ GATAN 628 single tilt
heating holder.  In this holder the sample is climped between two tantalum washers to
ensure good thermal contact with the resistive heating clement in the holder. A
thermocouple on the heating clement mcasures the temperature at the sample with an
accuracy ol 107 Throughout the cxperiment the pressure in the sample chamber was

109 torr as measured on+he migroscope jon gauge, -

Initial domain structures within the samples were generated by applying an external
magnetic ficld. In the case of the single crystal film the ficld was applied by tilting the sample
in the microscope and activating the objective lens, ‘Fhe external lickl for the polyerystalhine
sample was provided by a commercial ac tape eraser. In this case the licld was applicd in the
pline of the film. No magnetic ficlds were applied during the heating experiment itself

RESULTS
Single Cryvstal Co

Figure 2 shows a series of DPC images of the domain structine in the single erystal Co
film as a function of temperature, The room temperiature inage () shows a series aff
domiting running almost verticatly across the image (the alternating areas of black and white
contrast) separated by 1807 walls.  Fhe slight jog of the domains to the lell in the centee of
the inurge is due to the presence of o crystallographic twin, Analysis of this image and the
complimentary orthogonal DPC image indieates that the magnetisation within the domains
is almost entirely parallel to the domam walls. The narrow domains on ¢ither side ol the twin
remiin o constant width almost all the way to the twin boundaries, and only very elose to
these boundaries do they increase to accommaodate the Targer donaing in the twine “This is
indicative of o strong anisotropy aligning the magnetisation with the in-plane projection of
the c-axis together with the minimisation of charge in the wallsc - As the tempwratee is
inereased the number of smaller donutins deereases, probably due in pavt to thernwal
activintion, nid the narrow domains which attach to those in the twin change thom @ "wine
plass™ shape into o more trinngulie: shape (B 20 Te thiv case e magnetisation i sull
almost parpliel to the wall, however a reduction in the strength of the anisotropy allows the
magnetisntion 1o rotate with respect to the e-axis and the length tand therefore total caergy)
of the domain will is redoced, Note that the e-axiv shonld sill be the easy axis at this
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Figure 2. DPC images of single crvstal Co at a) 20°C 1) &1507C ¢) 2707°C and d) 316°C

temperature.  In figure 2¢ the temperature has been increased to 2707C and here the
magnetisation is no fonger locked to one direction within cach domain but varics smoothly
from point to point. At this temperature there is very little energy difference between
pointing parallel or perpendicular to the casy axis (which is somewhere between the c-axis
and the basal plane) (see Tigure 1), At 3167C figure 2d. the domain boundaries arc running
approximately horizontally and the magnetisation is now pointing at 907 to its initial
direction. This is due to the increased strength of the anisotiopy in the basal plane. On
coaling to room temperature the original magnetisation directions are regained but the final
domain structure has much wider domains thian the initial room temperature structure.

Polyerystalline Co

The domain structures in the polvervstalline sample are shown in figure 20 Images 3a
and 3h show two orthogonal images of the same drea at room temperature. From 3 it can
be seen that the domain structure consists of wide domains running from top left to bottom
right with the magnetisation running in approvimatelyv the same direction.  Within the
domains there is a small scale ripple structure (Iig 3h) which is a characteristic feature of
these randomly oriented  polvervstalline film and indicates a small deviation ol the
magnctisation to cither side of the mean direction. At the domain walls the ripple on cither
side of the wall combine to form vortex structures which can be identified in figure 3b by
their similarity to topographic features viewed from above under obligue Hlumination (e.g.
indicated feature in fig 3b). The smoller the scale of the vipple structure in this type of
material, the higher the demagnetising ficlds assoctated with it and therefore the higher the
coercivity required to maintain it.

Figure 3¢ shows the same arca of the film at a temperature of 2000 Co The overall large
scale domain structure remains essentially unchanged from that in figure 3b, however the
small scale structure has changed quite dramaticaliv: The nipple structure within the
domains, has almost completely disappeared leaving behind only the vortex Hux closure
structures at the walls. After the initial loss of the small scale ripple (hetween 100 and 2007C)
the structure remains relatively unchanged up until approximately 270°C at which point
there is a marked reduction in the number of vortices along the domain walls, as can be seen
in figure 3d, together with an increase in the spatial extent of the remaining vortices. The
conclusion from this is that there is no strong cosy axis dircction at this temperature and that
cxchange and demagnetising ceffects act together to maintain the Hux closure of the vortices
while increasing the scale ol coherently magnctised regions within these structures. As the
temperature is increased further to where there is once again a strong casv axis direction a
small scale ripple structure reappears (fig 3e), however, the spacing and scale of the vortices
doces not decrease noticeably. When the sample is cooled 1o room temperature (fig 30 the
large scale vortes structure persiste and ablihongh o anell scale ripple structure s present, it
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Figure 3. Domains in polverysialline Co at a) & b) 200 ¢) 200°C d) 270°C ¢) 4007C ) 207C

is very strongly influenced by the vortex structure giving rise to a much wider angular
distribution of magncetisation directions within the donxains than that present in the initial
room temperature state.

Re-application of an in-planc ac ficld to the sample, such as thar used to generate the
initiat room temperature state, produces a domain configuration with very sinmlar ripple scale
and vortex spacing and size to the wnitial state indicating that the changes to the {ilm dunng
heating are magnctic changes and not irreversible oxidation or structural changes,

CONCLUSION

it has been know for many vears that the anisotropy constants of Co change  apidly
with temperature in the range from room temperature up to 400°C and the effect « 1 this
change on the dircction of the casy axis is well documented.  In this work it has been s own
that the change in the strength of the anisotropy has a noticcable effect on the do am
structure of imperfect thin film single crystal Co and mayv in fact play a major role in ihe
temperature dependence of domain structures in randomiy oviented fine gran polycrystali ne
Co thin film. These results do not only relate to Co but also to the numerous Co alloys
which are of particular importance in the high density recording industry today.

ACKNOWLEDGEMENTS

The authors would like to <how their thanks to M. Moshrel for providing the
polvervstalline Co sample, and 1. Paterson for preparing the single crvatal sample.

REFERENCE

. Y. Barnicr, R. Pautnenct, and GG, Rimcet, Cobalt No. 15 (1962) 14-20

. PE Grundy, Phil. Mag. 12 (1965) 335-345

M. Takahashi and T. Suzuki, Japan. J. Appl. Phys, 18 (1979) 1L1071-1.1078

. D. Watanabe, T. Sckiguchi, T. Tanaka, T. Wakivama and M. lakahashi, Japan. I. Appl.
Phys. 21 (1982) pp. L179-1.181

S. L.LR. McFadyen, J. Appl. Phys. 64 (1988) 6011

6. Sce for cxample Jacobs and Verhoeven, 1. Microsc. 143 {1986) 103

7. J.N. Chapman, [.R. Mcl'adyen and S. McVitic, to be published in HEET Transactions on

Magnetics, Fall 1990

N N

102



HYPERFINE INTERACTION TECHNIQUES APPLIED TO THE STUDY OF
SURFACES AND INTERFACES

M. Rots

Instituut voor Kern—~ en Stralingsfysice, K.U.Leuven
Celestijnenlaan 200 D, B-8030 Leuven Belgium

The combination of perturbed angular correlation spectroscopy and
inert gas inclusions in metals is presented as a complementary approach
for the study of magnetic surfaces or interfaces.

The attractive feature of hyperfine interaction techniques for the study of surfaces
and interfaces is their ability to directly probe spatial charge distribution around the
probe atom through the corresponding magnetic hyperfine field or electric field
gradient. Key experiments have been reported using the nuclear methods such as
NMR, Mossbauer and perturbed angular correlation spectroscopy. The NMR
measurements! using nuclear spin polarized alkali—metal atoms on clean and oxygen
covered W(110) surfaces demonstrated the observation of an average field gradient
sensed by the diffusing adsorbed atoms. In recent experiments? using
conversion—electron Mossbauer spectroscopy (CEMS) one could measure, by
approaching the surface or an interface, the influence on the hyperfine field.

For non—magnetic sp—impurities or magnetic 3d(4d¥— probe impurities in
transition metals, the dominant contribution to the hyperfine field B, ¢ arises from

the Fermi contact interaction, thus the local magnetization density at the nucleus.
The exchange interaction between host magnetic moments and the electron screening
cloud around the impurity induces a critical balance between negative and positive
contributions to the hyperfine field, largely determined by the impurity charge and the
size of the impurity potential. While an experimental and theoretical consensus exists
on the surface enhanced magnetization, the Mossbauer work? on Fe (110) surfaces has
shown that the hyperfine field at the Fe probe decreases. The predicted oscillatory
behavior of the hyperfine field by going from the surface into the bulk region also
contrasts with the absence of Friedel oscillations in the magnetic moment of the
surface layers3. Furthermore, the important role of the broken symmetry at the
surface reflects in the existence of a large electric field gradient at the surface layer, not
present beneath the top two layers4-S.

In addition to NMR and Mossbauer spectroscopy applied to the study of surface
phenomena, the application of perturbed angular correlation (PAC) techniques for
probe atoms at the surface of a nonmagnetic metal was successful® and able to measure
the electric field gradient (efg). In those experiments, the electric quadrupole
interaction detected at isolated radioactive indium atoms on Cu surfaces has given
precise information on the magnitude as well as the orientation of the electric field
gradient at the surface and the outermost layers. Very recently?, those PAC
experiments have been extended to the observation of hyperfine fields at magnetic
Ni(111) near surfaces positions. The results illustrate that even less than 104 of a
monolayer in probe concentrations is needed, allowing the study of any magnetic

Science and Technology of Nanostructured Magnetic Materials 103
Edited by G.C. Hadjipanayis and G.A. Prinz, Plenum Press, New York, 1991



system.  Furthermore, the nuclear—probe experiences an unique electromagnetic
hyperfine environment which facilitates the derivation of the magnitude as well as the
orientation of the surface magnetic hyperfine field over a wide temperature range.
Finally, coverage of the surface with three monolayers suffices to restore the bulk
hyperfine field value and to erase the electric field gradient.

Notwithstanding the success sofar, the tremendous efforts needed to prepare clean
surfaces and to deposit the hyperfine probe atoms on those surfaces, motivated us to
look for an alternative and more practical way to reach that goal. For this purpose we
refer to recent investigations® dealing with the precipitation or bubble formation of
rare gases in metals produced either by nuclear reaction or ion implantation. It is
rather well established now?, that the bubbles are overpressurized and in solid phase,
epitaxially aligned with the metal matrix. In the present paper, we discuss an
alternative procedure and results on a search for hyperfine interaction parameters for
probes at the surface of a magnetic metal, by using the interface of a rare gas inclusion
in iron!0.

1. Outline of the hyperfine interaction methods

The hyperfine interaction refers to the coupling of the nuclear electromagnetic
moments (magnetic dipole and electric quadrupole) to the extranuclear
electromagnetic fields, originating from the electronic charge distribution in the
environment of the probing nucleus. Due to this hyperfine interaction (hfi) the energy
of a particular nuclear state split up in the m—sublevel components and nuclear hfi
techniques aim to measure this energy splitting which is proportional to the nuclear
moment—e.m. field product, i.e. pBys andfor QV,,. The measurement of the
hfi-splitting in a particular nuclear state (see fig.1a) can be done with the intermediate
of nuclear radiation populating and depopulating this nuclear state during the decay of
the radioactive nucleus. In Mossbauer spectroscopy the energy differences between
m—components in the excited and the ground nuclear state, connected by the absorbed
y-radiation results in an absorption spectrum consisting of different absorption
minima, their positions a direct measure of those hfi—splittings. The principle of the
nuclear methods is similar to conventional NMR to the extent that the nuclear
polarization, here governed by the Boltzmann distribution over the nuclear
m-substates, is not destroyed by an RF—field but rather measured by the resulting
anisotropy of the nuclear radiation emitted by further nuclear decay. By simple
detection of nuclear radiation in a particular direction, one selects a nuclear
sub—ensemble which is oriented relative to that direction. Therefore, those selected
nuclei contain an unequal population of the m—substates and the subsequent radiation
will be emitted anisotropically. In perturbed angular correlation (PAC) spectroscopy,
thus, the hfi—splitting within the m—multiplet of a single nuclear state can be observed
by measuring the time dependence of the nuclear orientation when this state is an
intermediate state of a y—y cascade. As a result of the interference among the
m—states (quantum beating), one may understand the frequencies in a PAC time
spectrum as reflecting transitions among the m—substates of the intermediate state.

The nuclear methods are "finger print” methods identifying, through its
hfi—parameters, the environment of a nucleus used as a nuclear probe. The interaction
Hamiltonian of the static hfi consists generally of a magnetic dipole part, due to an
external magnetic field or internal magnetic hyperfine field, and an electric quadrupole
part, due to a surrounding charge distribution of non—cubic symmetry. The former
results in an equidistant Zeeman splitting given by the Larmor frequency wB=guNB/h,

with g the nuclear g—factor, the latter in a non—equidistant splitting dependent on the
electric field gradient (efg) and eventually its orientation relative to a magnetic ficld.
The electric field gradient is a second rank tensor quantity specified by five
components : its magnitude V,, , its asymmetry n:(Vxx—-Vyy{/V.,,,, and its Euler
angles (a,8,7) defining the orientation of its principal axis system (PAS) relative to a
laboratory system. In case of axial symmetry 7=0 and no magnetic field, the basic
quadrupole frequency equals : wQ=eQV,,,/(4I(2I—l)h) , with Q the nuclear quadrupole

moment and I the nuclear spin.
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Fig.1. (a) Hlustration of the hfi—splitting due to magnetic—
electric— and combined interaction, (b) the corresponding
PAC spectra and (c) their Fourier transforms.

In fig.1, we illustrate the hfi—splitting due to a magnetic dipole—, electric
quadrupole— and combined magnetic+electric interaction. In each case the expected
PAC spectrum for a polycrystalline sample is shown, along with the corresponding
Fourier transform. The equidistant energy splitting in the pure magnetic case results
in the appearance of two harmonic frequencies wg and 2wB in the PAC spectrum. The

relative intensity of both frequency components depends on the orientation of the
magnetic field relative to the radiation detector plane. For instance, when the field is
perpendicular to this plane the first harmonic is absent, when the field lies in plane the
second harmonic is suppressed and in case of a random oriented magnetic field both
harmonics are equally intense.

The PAC spectrum observed in case of a pure electric quadrupole interaction,
which is due to the non—equidistant splitting, consists of three frequency components,
the third frequency being the sum of the other two. For an efg with rotational
symmetry (7=0) observed frequencies are wy, 2wy and 3wp , with we=3(m2m’?)w ,

their intensities also dependent on the orientation of the efg relative to the detector
plane. Finally, the PAC spectrum for a combined magnetic and electric hfi can be
decomposed in different frequency components dependent on wg, W 7 and (a,0,7).

For the collinear case (#=0) or for cases where the quadrupole interaction is small
(wB>>wQ), the diagonal approximation of the interaction Hamiltonian is sufficient

and the frequency components are : NwBtnwo<ﬂ> , with N=1,2 and n=1,2,3, while

<f#> means the value of Py(cosf) for an unique orientation or its average value in case
of a random orientation of the PAS relative to the magnetic field direction. In second
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order approximation, however, the symmetric frequency shifts around the Larmor
frequency is lifted and up to 16 frequency components (for I=5/2) may be observed
when (ngwQ)‘ In such cases the PAC spectrum looses structure, due to incoherent

superposition. In fig.1c we illustrate the case w /wB =0.01, =0, #=259, in order to

show the sensitivity of the PAC spectrum as well as the frequency shifts around the
wB—frequency.

2. Experimental details

Polycrystalline Fe—, Al— or Mo—foils pre—implanted with krypton to a dose of

2.10 jons/cm? were subsequently doped with 11iIn to a dose of 4.1013 ions/cm? and
post—implanted with the same initial amount of krypton. The implantation energies
were matched for an optimal depth profile overlap and the implantation was performed
at room temperature. Time differential PAC experiments (TDPAC), in a conventional
four detector set—up, were done on the samples as—implanted as well as isochronal
annealed at temperatures up to 500C. For the Fe—sample, along with zero external
magnetic field measurements (random hfi samples), we performed experiments in an
external field (oriented hfi samples) in the transversal as well as the longitudinal
detector configuration, simultaneously. The latter configuration was intended to
decouple the electric quadrupole interaction from the magnetic interaction.

The t!tIn probe nucleus distributed as an observer in the sample, will experience a
hii depending on its environment. For instance, iron is a ferromagnet and therefore a
magnetic hyperfine field will be observed fairly proportional to the local magnetization.
The corresponding Larmor frequency in pure iron for t!In at a substitutional site is
very well known as wp=>559.6(1)Mrad/s. At those lattice positions the electric field

gradient equals zero because of cubic symmetry. Due to the presence of krypton, one
expects to observe defect sites or interface
sites taken by the probe nucleus. Each of
those sites will be characterized by a
reduced (or enhanced) value for the
hyperfine field (Fe-sample), but in
addition also by a non—zero efg, because at
those sites the cubic symmetry may be
destroyed.  Notice that the quadrupole
interaction depends on the inverse cube of
the probe—defect distance and therefore we
sense the probe’s charge environment
within the first neighbour shells only.

z #4 3. Results
014 (/ ¥ i
Earlier data on !1!In implantation in pure
02 . iron, already indicated that as—implanted
0 100 200 300 the substitutional fraction is almost

negligible and no structure in the PAC
spectrum could be measured, without
annealing. Here, we observe a well-defined
spin precession pattern attributed to
almost 50% of the indium probes, in an
as—implanted sample containing the high
Kr—dose. A typical PAC spectrum is
shown in fig.2a. A reasonable fit to the
dataresults in a magnetic interaction

Rt}

o 150 200 2%
time {nsec)

Fig.2. TDPAC—spectre for frequency wp = 555.8(1)Mrad/s of width
In at krypton bubbles 6= 1.23(3)%. The observed fraction of
in Al, Mo and Fe. probes 1n this hyperfine interaction
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environment remains almost unchanged during annealing below 350C. At higher
annealing temperatures a completely different PAC pattern was observed, reflecting a
broadly distributed hyperfine interaction, then the spin precession pattern disappears
and finally the indium activity escapes from the foil at 600C. The experiments on an
Al— or Mo-sample illustrate that the In probe indeed senses the presence of krypton
inclusions. Those spectra are shown in fig. 2b,c and can be interpreted, because no hfi
Is expected in an unperturbed cubic lattice, as due to a fraction of In—probes at the
Al/Kr or Mo/Kr interface. The magnitude of the electric field gradient responsible for
the spin precession pattern in the fcc Al—sample equals V,,= 7.1(10).1017V/cm2, to be
compared® with the surface/vacuo interface at Cu?lll) V,2=10.2(15).107V /cm2. The
bce Mo—sample reflects a much smaller efg value of V,,=2.6(4).1017V/cm?, in quite
good agreement with the value 3.1017V/cm? obtained!t by "onplantation" of 111Cd on a
Mo(111) surface, both values, however, almost two times smaller than observed in the
CEMS experiment on Fe(110), illustrating the dependence on the surface symmetry.

Because obviously a combined magnetic
and el-ctric interaction should be
considered for the present Fe(Kr) samples,
we measured simultaneously the spin
precession under an external magnetic field
of Bexy = 0.1 T in both the transversal and
longitudinal detector configuration, the
result is shown in fig.3. The longitudinal
spectrum can nicely be fitted with two
quadrupole sites: fi=0.64 with
vo= 3.53(5) Mrad/s and f,= 0.36 with

LONGITUDINAL ‘
I

B
0054 M

3k 20 336 — i ’
FME (ne) 0 woE 1.1(1) Mrad/s, meaning however that
o2 TRANSVERSE the magnetic interaction is negligible. In
3‘ view of the spectrum obtained in the

transversal geometry this is an unexpected
result, because a substantial fraction of
probes experience a large magnetic
hyperfine field. These magnetic sites
contribute to the longitudinal spectrum as
! a time independent anisotropy, whenever
| the ratio ysz/wQ is large.  This is

A

T w o n e L T because an almost pure Larmor precession
TIME irs of the spins around the magnetic hfi—axis
. . . hardly changes the relative m-—substate
Fig.3. Spin—precession population and thus the angular correlation
for 111CdFe(Kr) in an anisotrop :
y remains unperturbed by such
external field of 0.1T. hfi. The f, fraction may correspond to
probes on such "quasi—substitutional”
lattice positions, where they contribute to the transversal spectrum by a well—defined
precession pattern. Then the f; fraction should be associated to probe sites
experiencing a combined interaction with y~1, in order to produce the observed
spectrum shape of the longitudinal measurement. As a consequence those probes
should experience a much reduced magnetic hyperfine field, but remain almost
unobservable (missing fraction) in the transversal spectrum, due to incoherent
superposition of the many different frequency components.
In fact, the data could be fitted nicely in a model admitting more than one probe
site and the result given by:
— a  "quasi—substitutional" site  (fraction  65%)  with
wp= 554.7(1)Mrad/s, wo= 0.42(14)Mrad/s and 6= 9.2(1.1)Mrad/s;

~ a 'defect site" (fraction 20%) with wp=519.9(2.2)Mrad/s,
wos 2.7(2)Mrad/s and Sw= 10(5)Mrad/s;

— an "undefined site" (fraction 15%) with wp=130(2)Mrad/s
and éw= 41(7)Mrad/s.
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In addition to the above sites an almost 40% fraction of probes experience a complex
hyperfine interaction and therefore escape observation. After correction for the
external field we obtain for the quasi—substitutional site (s) a hf-field shift

A|Bug|=-6.8 107 and <V,,>= 0.13(4)10""V/cm2 For the defect site (d), however,

the hi-field shift equals A|Byg]=—6.89(4)% or —2.6T while <V,,>= 0.86(6).10"
V/cm? . The measured electric field gradient values are mean values because of their
random orientation relative to Beyy.

The present results can be compared with CEMS data? at the Fe (110) surface,
where for a clean surface A|Byg|= —2.03T (first layer) or —0.11T (second layer) has
been found along with V,,= 8.1017V/cm?2. We suggest that both fractions showing a
well—defined precession in the TDPAC pattern (quasi—substitutional and defect site)
may be interpreted as originating both from the Fe/Kr—interface, the latter at the
surface of the inclusion, the former in the outermost Fe layers. It is known from
experiments5 as well as recent efg calculations!2, that the cubic charge symmetry is
restored some two layers beneath the metal surface. Calculations? of the magnetic
hyperfine field, on the other hand, seem to predict substantial dependence on the
symmetry of the surface. No characterization of the surface type , probed here at the
Kr—inclusion, was available as yet and therefore quantitative comparison with
theoretical estimates may be somewhat premature.

4. Conclusion

The hyperfine type experiments presented here are rather promising to the study
of surface phenomena at an atomistic scale. The high resolving power of hyperfine
mteraction techniques and more specially PAC, allow to follow the mobility of atoms
at the surface, their diffusion and clustering. The identification of the surface sites by
their efg tensor is really exceptional among the existing surface investigation
techniques. This ability has been convincingly demonstrated by the PAC work of the
Konstanz group8-7, where they could identify terrace—, step— and in plane—sites by
measuring the full efg tensor In addition, the approach described here allows
surface/interface research, with the appealing feature that it can be done without using
expensive apparatus to produce clean surfaces. Indeed one only needs an ion implanter
to create inert gas bubbles into the metal matrix and a probe with an affinity to
occupy sites at the interface of those inclusions. The insolubility of indium in iron and
aluminum may well be responsible for the relatively large fraction of interface positions
observed in the present experiment.
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SURFACE MAGNETOSTRICTION

R.C. O'Handley and S.W. Sun

Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139 USA

1. INTRODUCTION

The outer surface layer of a material is generally strained
relative to the bulk. This may be due to the reduced
coordination there or to an altered charge distribution such as
tailing of some of the itinerant charge density into the vacuum!.
In 3d metals this surface charge redistribution often leaves the
surface atoms more under the influence of the 3d charge which is
primarily responsible for the attractive bonding interaction<.
Hence the lattice constant normal to the surface may decrease for
the outermost atoms, e.g. by 9% for vl,

In epitaxial thin films and multilayers with less than
perfect lattice match uniform strains up to several percent occur
for the first few layers deposited. BAbove a critical thickness,
misfit dislocations may nucleate to accomodate some of this
strain. Thus in thin films there is this additional source of
strain, which at the surface, combines with the intrinsic effect
described above.

These surface strains can have strong effects on the preferred
direction of magnetization at the surface of a magnetic material.
The parameters which describe the extent to which these strains
couple to magnetic properties are the magnetostriction
coefficientki or the magneto-elastic (ME) coupling factor Bj

which are related by the elastic constant tensor Cjq*

By = Cij lj (1)

Magnetostriction is the anisotropic strain of a magnetic
material referenced to the direction of the magnetization M. In
an isotropic material the strain is given by
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€= (3/2)hg [cos?8 - 1/3) (2)

where ., is the saturation magnetostriction coefficient and 8 is

the angle between M and the strain direction. The inverse effect,
piezomagnetism, indicates that a stress may cause the

magnetization direction to change. This is because the stress o

contributes to the magnetic anisotropy energy density according
to:

Eg= (3/2)140 (3)

If the product 7 0 is strong enough, the direction of
magnetization may be pinned by the stress. Note that a 0.1%
strain in Ni (|kS| ~ 46 x 107, v = 2.4 x 1011 N/m2) produces a

ME energy density of order 1.6 x 10% J/m3 which is four times the
magneto-crystalline anisotropy of Ni. So a modest surface strain
could produce a large ME surface anisotropy. In fact the surface
anisotropy of ultrathin Au-Co-Au sandwiches is believed to be due
predominantly to stress3,

Just as magnetic anisotropy‘l“6 and the magnetic moment
itself’~? can take on unique values at the surface of a material,
it is possible that the ME parameters themselves are different
there. Thus, to fully appreciate the role of stress in surface
magnetism, it is necessary to know the values of two of the

parameters By, Ci 4 am:l}.j at the surface: B;S, cijs and}js. The

magnitude of the ME effect suggests that while surface magnetic
moments may differ by as much as 10% from their bulk values,
surface anlsotropies and ME coefficients may differ much more
dramatically from their corresponding bulk values.

The fact that macroscopic strain contributes to magnetic
anisotropy is a reflection of the microscopic origin of ME
interactions. Magnetostriction has its origin in the asymmetry
of the local crystal field as seen by the spin at a particular
site. The spin senses the symmetry of the Coulomb field of its
neighbors because its direction is coupled to that of the
molecular orbital by spin-orbit interaction. Thus, the three
microscopic ingredients necessary for magnetostriction are:

1) the symmetry of the magnetic orbitals must be less than
spherical (i.e. L = 0).

2) the symmetry of the local environment (crystal field)
must be less than spherical, and

3) the spin-orbit coupling £ L°S must be non-zero.

Clearly a strain in the crystal field seen by an atom, such as
occurs at a surface, will alter the ME coefficient and therefore
alter the extent to which that strain perturbs the magnetization.

For transition metals and alloys, the magnitude of hg is
generally below 104 and it is known to be stress dependent.
Barandiaran et al.l0 have determined that (8ks/68) is of order -12
x 1076 for amorphous (C°0.94Fe0.6)755115510 for bulk tensile
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strains up to 1%. There is reason to believe, therefore, that
the huge strains at a surface could alter the strength or even
the sign of}.S there. Mazumdar and Juretschkell have used the
metallic field effect in permalloy (90-10) thin films to
determine that the surface ME effect is an order of magnitude
less (they measure 3 = d(1lnkK)/d¢ = 2.5YS/K) than in the bulk.

Szymczak12 has used strain modulated FMR on Ni-C and Ni-Ag
multilayers to show that the effective magnetostriction due to
interfacial strain varies inversely as the Ni layer thickness.

He finds »8ff becomes less negative (ksbulk ~ -36 x 107%) as Ni

thickness decreases. The present paper is concerned with the
significance and measurement of surface magnetostriction.

2. MEASUREMENT OF SURFACE MAGNETOSTRICTION

2.1 Measuring surface magnetization

Surface magnetization (sampled over about SA at the surface)
can be measured from the spin polarization of secondary electrons
emitted from a magnetic surface. It has been shown!3 that the
spin polarization

P = (N* - NT)/ (Nt + N7) (4)

of the true secondary electrons!4 emitted from a ferromagnet
(where NY is the number with positive spin component along a
chosen axis) is equal to the polarization of the valence
electrons inside the material

P = (at - n7)/(nt + n7) = ng/n, (5)

where nt is the number of spin up valence electrons, nt + n- =
n, (= 7.68 in our case) is the total number of valence electrons,

and ng is the spin imbalance or magneton number (ng = 2.2, 1.7
and 0.6 ug for Fe, Co and Ni, respectively). Spin polarization

can be measured using a Mott detectorl®, a LEED polarimeter16
a diffuse scattering polarimeterl7. In such instruments the
spins of interest are subjected to elastic spin-orbit scattering,
often by a gold target, and the resulting scattering asymmetry 2
about a plane containing the spin quantization direction is
measured:

or

A = (Np - Ng)/(Np + Ng). (6)

Here N; {i = L,R) is the number of electrons detected to the left
or right of the scattering plane. The polarization of the beam

is related to A by the efficiency or Sherman function S of the
detector

S = A/P (7)
Combining Eqs. 4, 5, and 7 we have for the surface magnetization

M5 = (N/V)npup = (N/V)ugnyA/S (8)




where N/V = Nppf/w is the number of magnetic atoms per unit

volume, each with moment ngig, Np is Avogadro's number, p is the

mass density, £ is the fraction of the atoms present that are
magnetic and w is the molar mass (f = 0.76 and w = 49 g/mole in
our case).

Equation 8 has been used to determine the surface
magnetization of a variety of materials by measurin? the
asymmetry of their secondary electron spectrum7'13' 8,

2.2 Measuring magnetostriction

Bulk magnetostriction is most often measured using a strain
gauge, or a capacitance gauge to determine the length change
along a particular direction in a material when the saturation
magnetization is rotated relative to the strain direction (Eq.

2). But?’can also be determined by noting the change in
magnetization in a given direction due to a stress or strain.
The differential of the Gibbs free energy of a ME system at

constant temperature, dG = - ¢du-BdH, where ¢ and B = u,(H + M)
are dependent variables,leads to the linear relations:

de(o,H) = (a€/00)y do+ (d€/iH) dH sfdo + d dH

(9)
dB(0,H) = (#B/av)y do+ (#B/aH) ;dH = d do + udH.

These equaions define sH, the compliance (l/YH) at constant
field, u', the permeability at constant stress, and d, the

magnetostrictivity. Eqg. 9b shows that it i1s possible to measure
d from the stress or strain dependence of B or M :

d = (aB/da)y = (AB/af)g (A€/d0)y = sH(hB/iﬁF)H (101
Further, integrating d = (4¢/dH), shows that
».(H) = [a(n)an (11)

Thus, if we can measure (/B/if)y at several different fields, we

can get d which can be integrated to givez(H). It now remains to

describe a simple and repeatable way to measure (dB/d€)y.

2.3 Details of experiment

As yet we do not know the surface elastic constants of the
material of interest. Therefore we need a method that imposes a
known stress or a known strain at the surface for which we will

determine either (dB/do)y or (dB/dt)y, respectively. The latter
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Fig. 1 Left, flexible, externally adjustable yoke holding
ribbon sample. Some field windings are shown.
Right, schematic of uhv chamber showing primary
electron (PE) source in Auger analyzer (CMA),
secondary electrons (SE), and
polarization analyzer (PA).

1s more easily done by simply bending the sample in situ. If its
curvature at the point of measurement is well represented by an
arc, it is easy to relate the displacement to the strain at the
front surface.

A sample holder has been made that allows a long ribbon of
magnetic metal to be wound about a supporting yoke (Fig. la).
The ribbon is clamped at the ends of each tyne so that it forms a
flat surface across the open end of the yoke. Electrical
windings are applied to the yoke and the sample can be heated to
300°C. A specially machined screw joins the tynes of the yoke a
few mm behind the flat face of the sample. A 5° turn of the screw
produces a 6.3 um displacement of the tynes. Before being placed
in the u.h.v. chamber the curvature and displacement of the
sample were optically calibrated. When the tynes are pulled
together by the screw, the ribbon can be deflected so that its
front surface is either convex or concave. Surface strains up to
6 x 104 in increments of approximately 3 x 105 are achievable.

We may now combine Egs. 8 and 10 with B = u,(H+M) to give
d S = (sB/ag)sH = (yoprfNAsH/Sw)(HA/HS)H (12)

which, with Eq. 11, gives 25(H).

The primary electron energy was 2 keV which is just above

the knee of our secondary electron yield vs primary enerqgy

curve’. An instrumental asymmetry, linear in applied field, due

to a weak fringe field above the sample face which deflects the
secondary electrons up or down, has been removed from the data.
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3. RESULTS

The solid line in Fig. 2 shows a typical A(H) loop at t = 0
for the amorphous alloy Coy¢CrygB,n. Detailed VSM studies on the

same material show its bulk magnetization to be 82% saturated, M
= 6.2 x 10° A/m, at H = 640 A/m (8 Oe). With our polarimeter
efficiercy S = 0.154 = 7%, the asymmetry at 8 Oe, A = 1.93%,
gives the surface magnetization from Eq. 8 to be within a few
percent of 6.2 x 10° A/m (i.e. 82% of Mg in Table). The dotted

curve shows A(H,£ ) for a compressive stress € = - 2 X 10'4 so the
increasing magnetization indicates 2.5 is negative. (The bulk
magnetostriction of this metallic glass is also negativelg, st =
-3.8 x 107%). The surface magnetostriction is proportional to
the area between these curves divided by €. Because we cannct
fully saturate the specimen in the uhv chamber, we can only
calculate LS(B Ce) or estimate the saturation surface

magnetostriction. Integrating the dA/af values up to H = 8 Oe
gives ».5(8 Oe) = -8 x 10'6, twice the bulk value. Ii we estimate
the strain derivative of A to decrease linearly, reaching zero at
saturation, the surface magnetostriction would be as great as kss
= -53 x 10~

A (%)
1 4 I +
| 4 +— +
-8 -4
H (Oe)
-.0
-20 0—C076C14820

Fig. 2 Asymmetry vs applied field for zero strain
and modest compressive strain at front
surface of ribbon. Saturation asymmetry based
on bulk measurements is indicated.




Table. Properties of amorphous Co;CrgBjg

Ref.
. 3 a
Mass density: p = 8.2 g/cm
Saturation moment: ng = 1.1 ug/(CoCr) b,c
Saturation magnetization: M = 7.6 x 105 A/m (S.1.)
(6= 93 emu/g, 47M = 9600 Gauss) b,c
Curie temperature: T, > T, = 800 K c
Bulk saturation magnetostriction Ay = 3.8 X 10-6 b
Young's modulus YH = 1/sf = 6.2 x 1010 N/m2 d

Valence electrons per F.U.: n, = 7.68
Molar weight: w = 49 g/mole

a) R. C. O'Handley, M. E. Eberhardt, K. H. Johnson, and N.
J. Grant, J. Appl. Phys. 53, 8231 (1982)

b) Ref. 19.

¢) R. C. O'Handley, Sol. St. Comm.38, 703 (1981).

d) Value given is for Metglas® 2714a CoggFeyqB4Siys from

Metglas Products catalogue.

We have assumed a constant (field independent; bulk value for
sH in evaluating A5 (Eg. 12). This is incorrect on two counts.
First, sH is field dependent because of the AE effect. This has

little effect on the € = 0 data shown in Fig. 2 because the

compressive stress in a A < 0 material tends to quench the AE
effect. It does complicate the data for tensile stress so they
were not used to calculate »°. Second, the assumption of a bulk
elastic constant at the surface could be in error because of the
huge strain and reduced bonding there. It may be more accurate
to say that we have estimated the product YH/S$:% to be in the
range -5 x 105 to -32 x 10° N/m?. 1If, as may be the case, YS <
YP, then we expect A  to be even more negative than estimated.

4. CONCLUSION

Preliminary measurements indicate that the surface
magnetostriction of a cobalt-base amorphous alloy is considerably
more negative than its bulk value. Much narrower limits can be
put on the actual value of 25 with experimental modification.
These measurements need to be extended to other materials and
particularly to single crystals where their significance may be
more readily assessed. Such measurements are critical to proper

understanding of magnetism at surfaces and in nanostructured
materials.
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INTRODUCTION

Intense interest has been generated over the past several years in the growth and
properties of layered magnetic materials, both from a fundamental point of view and for
applications. Layered structures have been prepared by a variety of techniques including
sputtering, electro-deposition, and evaporation, and include semi-conducting, metallic, and
insulating materials. These systems can consist of crystalline layers of one element or
compound interleaved with layers of a different element or compound, or alternatively may
be built of amorphous layers or amorphous layers alternated with crystalline layers.
Depending on the materials and growth techniques, these multilayers may be produced (a)
with no uniform crystallographic alignment or coherence from layer to layer, (b) with
alignment of one specific crystallographic axis direction along the growth (stacking)
direction, or (c) with true three-dimensional atomic order (epitaxy) in which there is multi-
layer atomic registry both along the growth axis and also within the growth planes. For the
purposes of this review, the term artificial metallic superlattice will be reserved for this
latter category of true three dimensionally coherent layered structures, while the term
multilayer will be used for layered structures in which coherence is present in less than three
dimensions.

The recent refinements in computer-controlled molecular beam epitaxy (MBE)
techniques for the growth of single crystal artificial superlattices of two or more distinct
compositions have opened up vast possibilities for the production of tailor-made artificial
superlattices with controlled film thicknesses down to atomic dimensions and with highly
reproducible stacking sequences. This has provided previously unavailable opportunities to
examine problems of interaction ranges, tunneling distances, and other coherent phenomena
which are dependent on the superlattice periodicity. In particular, the development! starting
in 1984 of MBE growth procedures for single crystal rare earth metal superlattices has
permitted prototypical tests for verifying many of the theoretical concepts of magnetic
exchange, anisotropy, and magnetostriction effects in the rare earths which could not
previously be examined in as controlled a way using conventional bulk materials.
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Superlattices consisting of magnetically concentrated layers (e.g., Dy) interleaved in a
controlled fashion with magnetically "dead" layers (e.g., Y) offer a near-ideal opportunity
to investigate these basic interactions . It should be noted that such a system is unique and
can never be simulated by bulk dilute alloys because of the attendant reduction in the average
exchange interaction with the decreased density of magnetic ions and the probability of some
nearest neighbors even in very dilute samples. Y and Lu have similar physical and
electronic properties to the magnetic heavy rare earths and because of the relatively small
mismatch between the basal plane lattice parameters (e.g., 1.6% for Dy and Y), good
epitaxial growth is achieved. The key to the growth of rare earth superlatticesl (see Fig.
1 left) lies in the use of a [110] Nb buffer layer evaporated onto a [1120] sapphire substrate
beneath the rare earth metals. This buffer layer prevents the oxidation of the sapphire by
the rare earths during growth. An Y strain-relieving overlayer is placed between the Nb and
the rare earth bilayers. Y and Nb have a nearly perfect 3:4 atomic registration sequence
which allows good epitaxial growth in spite of the 33% lattice parameter mismatch. Lattice
parameter mismatch is a moderately serious constraint for MBE-produced materials, since
this mismatch must generally be taken up by lattice dislocations. As shown in the figure for
a [Dy] Y] superlattice, the thick Y layer is followed by a constant bilayer repeat sequence
of ¢ of atomic planes of Dy and m atomic planes of Y. This is designated [Dy,|Y Iy
where N is the total number of bilayers. Rare earth superlattices have been produced b
similar procedures in the [Gd| Y],%3 [Dy | Y],4® '3 [Er] Y1,1%'2 [Ho| Y], '3 and [Dy|Gd)"
systems.

The [Dy|Y] and [Er|Y] superlattices discussed in this review were grown at the
University of Illinois. During evaporation the chamber pressure was maintained in the 10
Torr range to minimize oxidation of the rare earths which were evaporated at a rate of only
about 0.5-1.0 A per second with a substrate temperature of approximately 300 C. These
conditions were chosen to minimize interdiffusion of the Y and lanthanide layers. Analysis
of the neutron or x-ray diffraction!? data for the intensity of the bilayer harmonics (see next
section) confirms that this interdiffusion is quite minimal and that the composition reaches

RARE EARTH SUPERLATTICE STRUCTURE
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Fig. 1 (Left) Schematic drawing of the rare earth multilayer structure. The expanded view of a
bilayer lists the physical parameters of the A and B layers (see- text). (Right, top) The
composition profile calculated from the x-ray diffraction intensities for an {Ery; slY 19%100
superlattice showing that interdiffusion is limited to approximately 5 total planes. (Right, bottom)
The d-spacing variation for the same superlattice illustrating the rather abrupt transition resulting
from the relatively large Er-Y lattice mismatch.




85% of the pure element (Y or Er,Dy) within about two planes on either side of the
interface. (See Fig. 1 right.) The intensity analysis of the same [Er,3 5| Y ql;0g Superlattice
also confirms that the d-spacing variation is quite abrupt as shown in Figure 1 (right),
reflecting the relatively large (2.5%) lattice mismatch between Er and Y.

In bulk crystalline form, the lanthanide elements and their alloys with non-magnetic
but chemically and electronically similar elements such as yttrium, scandium, and lutecium,
have long provided a fertile area for the study of indirect exchange interactions, crystal field
anisotropy, and magnetostrictive effects. The elements have weak exchange compared to
the 3d transition elements as illustrated by their low ordering temperatures (e.g., Tb, Ty =
230 K) and have anomalously large crystal field and magnetostriction interactions which
arise from the strong spin orbit coupling and highly non-spherical 4f charge distribution.
The occurrence of periodic incommensurate magnetic orderings in the heavy lanthanides
(except for the S state ion Gd) below their Néel temperatures is a consequence of electronic
effects, in particular the occurrence of nearly two-dimensional parallel sections (nesting) on
the hole Fermi surface which are spanned by a Q-vector whose magnitude which determines
the initial stable periodicity of the magnetic ordering. At lower temperatures, the free
energy associated with the magnetostrictive and anisotropy interactions becomes significant
and strongly perturbs the basic periodic magnetic orderings leading to phase transitions to
a ferromagnetic state in Tb, Dy, Ho, and Er. These transitions are largely driven by a
lowering of the magnetostrictive energy arising from a coupling of the local moments to the
hexagonally symmetric lattice strains. Recently it has been suggested that dipole-dipole
interactions of extremely long range may be also responsible for perturbing the c-axis
modulated moment states found in Ho'# and probably Er. For details and references on the
fundamental orderings and interactions in the rare earth metals, one is referred to the many
review works available, including, but certainly not limited to, those given in refs.!

Neutron scattering has played a seminal role in elucidating the spin structures which
occur in the lanthanide metals and in providing details of the perturbations of these structures
at temperatures below the Néel point and those induced by the application of external fields.
Much of this work was done by W.C. Koehler and his associates at Oak Ridge starting more
than 25 years ago. (See reference 15.) Recently, highly precise synchrotron radiation studies
have been conducted at very close temperature intervals which have shown additional details
of the magnetic ordering in Ho'® and Er! mcludmg the occurrence of lock-in transitions in
which the periodic moment wave-vector passes through a series of stair-step-like changes as
the temperature is lowered, corresponding to various spin-slip states. (See references 18,19
and later discussion.) The step-like changes are in contrast to the more monotonic linear
variation reported in the early neutron measurements taken with much broader temperature
intervals and have been confirmed also by recent neutron scattering studies.

NEUTRON SCATTERING FROM ARTIFICIAL METALLIC SUPERLATTICES

For artificial metallic superlattices, neutron diffraction provides atomic structural
information complementary to that obtained from x-ray diffraction.?® In addition, the
magnetic interaction of the neutron with ordered spins in the superlattice provides the
opportunity to study the magnetic spin configurations and the range of coherence of the
magnetism. In particular, it can be used as a probe of the propagation of magnetic phase
information from a magnetically ordered layer (e.g., Dy) across the intervening "non-
magnetic” Y layer to additional ordered layers.

Neutron diffraction studies on the [Dy | Y] superlattices were performed in reflection
geometry at the National Bureau of Standards Reactor. Neutron data were taken on a triple-

axis spectrometer using A = 2.4 A wavelength neutrons from a (002) reflecting pyrolytic
graphite monochromator and equivalent analyzer, the latter set for the elastic position to

suppress background scattering. Soller slit collimators with 40°-25'-25'-40" acceptance
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Figure 2. Room temperature x-ray (0002) diffraction pattern for an [Er, 3.51Y 19] 100 Superlattice
showing the presence of harmonics up to fifth order. The arrow marks the position of the central
(0002) Bragg peak.

angles were used before and after the monochromator and analyzer respectively. This
produced a Q-resolution of 0.021 A for scans along Q and 0.008 Al transverse to Q for
Q = 4x sin B/A at the [0002]). For most scans, the c-axis of the superlattice, which was
perpendicular to the film plane, was oriented parallel 10 the scattering vector, which allowed
continuous scans of the wave vector Q along the (000¢) direction.

The basic unit cell of an A-B superlattice is one bilayer (e.g., one Y + one Dy
layer). Considered apart from the effects of intralayer atomic ordering, the bilayer sequence

would then give rise to a set of peaks along (000f) corresponding to diffraction from the
bilayer cell at evenly spaced values of AQ = 2n/L where L is the bilayer thickness. The

Bragg diffraction conditions can be satisfied in two ways: (a) the above diffraction from the
bilayer unit cells Wthh can be directly observed at low angle experiments (e.g., [Mo]Si]
artificial superlamces ) and (b) conventional diffraction from the atomic order within the
bilayers seen at large angles. In the small angle case N-2 subsidiary maxima, arising from
diffraction by the entire superlattice, are present between the principal bilayer diffraction
peaks. N is the total number of bilayers. These subsidiary maxima are only observable if
the bilayer repeat sequence is nearly perfect and the spectrometer resolution is at least
comparable to 2r/NL. In the large angle regime, illustrated by the x-ray diffraction pattern
for an [Ery; 5| Y q],qq Superlattice in Fig. 2, the atomic order within a bilayer modulates the
intensity of the bilayer Bragg peaks and has the effect of singling out a set of predominant

(000¢) peaks from the infinite set of bilayer reflections. 1If the lattice parameter mismatch
is reasonably small, these groups of peaks occur at multiples of Q = 2n/<d> where <d >

corresponds to a weighted average d-spacing of the A and B layers of the bilayer. Other
peaks (bilayer harmonics) in the neighborhood of the principal ones fall off in intensity in
a manner controlled by the relative nuclear scattering amplitudes b, g, layer thicknesses, and
the lattice parameter mismatch. The last quantity is additionally respons1ble for intensity
asymmetry which can occur for the harmonics on opposite sides of the fundamental peak.
In general, the number of harmonics present is an indication of the crystal perfection of the
superlattice and the sharpness of the interface boundary. In the extreme limit of a sine wave
composition modulation, only one harmonic exists.

The addition of incommensurate magnetic order, such as found in Dy and Er,
produces additional principal scattering peaks of solely magnetic origin at Q’s dictated by
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the magnitude of the magnetic propagation vector. The principal satellite peaks occur along
the ¢" direction on opposite sides of the nuclear (000¢) peaks (for the Dy structure) and are
designated Q* and Q". They are again individually part of an infinite repeating set of
magnetic harmonics with amplitudes controlled by factors analogous to the nuclear case --
the magnetic scattering amplitudes p, g (pg = O for Y) and the magnetic propagation vectors
k4 g in both A and B layers. Note that even though Y has no 4f magnetic electrons and is
only paramagnetic, a spin density wave may be formed in the conduction band with
characteristic propagation vector kg as discussed later. In Er superlattices, the principal
moment component is parallel to the c-axis and thus gives rise to satellites along ¢* about

(hke?) {h,k # O} class nuclear reflections, but not about the (000¢) peaks. (See egn. 3.)
As discussed later, at low temperature the transverse moment components order into a helix

which then gives rise to weak [000£]* satellites as well.
The neutron scattering intensity for the ¢ direction (z) for a superlattice can be
written as the sum of the coherent nuclear and magnetic scattering terms as:

Q) = $y,(Q) + Spg(+Q) + Sp,,(-Q) 0]

where the nuclear structure factor has the form:

e (2)
Spuc(@) = | Y b, '@
m=0
and the magnetic structure factor can be written:
2
(3)

Spag (£0) =

N-1 i i
Z: pm e.IQ 2aiid,,
m=0

b, is the nuclear scattering amplitude of atoms in the m atomic plane, p,, is the coherent
magnetic scattering amplitude proportional to the moment component perpendicular to the
scattering vector, and ¢, is the cumulative layer magnetic phase shift or the propagating
magnetization wave,

In the case of an idealized [n 4 |ng]y superlattice with perfectly sharp interfaces, the
nuclear scattering intensity is:

Smel@) = SO { sin’(n\0dy/2) pa, in’ (ny0dy/2) bz}

8in?(QL/2) sin?(Qd,/2) ~* sin®(Qdg/2) ©
(4)

+ 2b,b, cos (QL/2) { sin(n,0d,/2) sin(ngQd,/2) }

sin(Qd,/2) sin(Qd,/2)

where N is the total number of bilayers each of thickness L = nqd, + ngdg, where d is
the atomic d-spacing of the respective A and B layers The same functional form as equation
(4) also describes the x-ray diffraction profile.

For a superlattice in which only the A layer contains magnetic atoms (e.g., pg=0)
and for which the total magnetic phase shift across a bilayer is given by ® = n AKadp+
ngxgdpg, the corresponding magnetic scattering is:
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s (s0)<|Sin?[N(OL:®) /2] sin’(n,(0sx,)dy/2] | PA
mag sin?(QL+®)/2)  sin?((Q:x, d,/2) | 2  (5)

Details of the calculation of these structure factors are given in reference’. Each of
the above structure factors consists of a product of terms -- the first produces the infinite set
of bilayer peaks and the second is a much broader envelope function (i.e., generally N d
< < NL) which, for the nuclear case, has its maximum on one of the bilayer Bragg peaks
only if there is no lattice mismatch. The product of these two terms gives the intensity
modulation of the diffracted intensity peaks as shown in Fig. 2 for the atomic structure and
in Fig. 3 for the magnetic structure.

MAGNETIC SCATTERING, STRUCTURE, AND COHERENCE

Basal Plane Helical Spin Configurations

Fig. 3 shows the results of a Q, = (000¢) scan around the (0002) principal Bragg
peak for a [Dy,¢| Yoolgg superlattice for several temperatures near and below Ty = 167
K. Note that there is one temperature-independent central peak at Q = 2xn/<d> of

structural origin with one harmonic visible and displaced by AQ = 2n/L = 2x/102A =
0.0308A°!. Higher order harmonics are not visible on this scale. The magnetic scattering

i
(DYis Yopos [ |
e A
T = 167 K | { 1‘ / !' ;l
.
JT: ; 185 K
ol

Intensity (Rel. Units)
g

100 - 1
50,
0 L
180 200 220 240 260
Q (&)

Fig. 3. Neutron diffraction scans along (000¢) in a [Dy 4! Y 5plgg superlattice for temperatures
below Ty, Note the temperature independence of the (0002) peak at Q, =2.215 Al The small
peak to the right is a bilayer harmonic. The fundamental and two bilayer harmonics are shown
for both Q™ (=2.02 A7) and for Q* (=2.42 A/) magnetic satellites. T, denotes the helical
ordering temperature Ty = 167K.
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Fig. 4 Scattered intensity from a [Dy;s|Y 34154 superlattaice showing the loss of magnetic
coherence at larger Y layer thicknesses, and the concomitant peak broadening.

arising from the incommensurate spin structure gives rise to the temperature-dependent Q°
and Q™ satellite peaks on either side of the nuclear structure peaks. As discussed later, the
ferromagnetic transition which occurs at 85K in bulk Dy is suppressed in the superlattices.
This would have been manifested by additional intensity appearing at low temperatures on
the nuclear peaks.

The presence of the fully resolved bilayer harmonics on either side of the Q* and
Q  satellites as shown in Fig. 3 is dramatic evidence that the magnetic structure is coherent
over many superlattice periods and is not interrupted at the layer boundaries or by the
intervening Y layers. Also important is the fact that the chirality of the helix is maintained
across the bilayer boundary. If the magnetic order were confined within single Dy layers,
the Q width of the central magnetic satellite peak would encompass the bilayer harmonic
positions rendering them unresolved. This is the case found for a superlattice of
[Dy, 4] Y34)74 (see Fig. 4) in which the coherence range has dropped to less than one bilayer
due to the increased number of intervening layers of Y. (See later discussion.)

From the data of Fig. 3 the coherence ranges of the atomic (nuclear) and magnetic
order can be calculated from the intrinsic Q-width of the respective nuclear and magnetic
peaks after deconvoluting the instrumental resolution width. The nuclear peaks typically

give a coherence range of 500-700 A. The resulting magnetic coherence distance after
correcting for the nuclear coherence ranges from 580A in_the sample of 46 A of Dy
separated by 26.5 A of Y, down to 245 A'in a 46 A Dy, 56 A Y sample, and finally to 80
Aina 40 X Dy, 95 A Y specimen. All values but the last correspond to the propagation
of magnetic phase coherence across multiple bilayer cells.

The decrease in the correlation length with increasing Y thickness has been examined

in a series of [Dle‘]Asuperlattices with essentially fixed Dy layer thicknesses of 15 + 1|
atomic planes (= 43 A) and varying Y layer thicknesses as shown in Fig. 5. The coherence
range dependence quite accurately reflects a 1/ry fall-off where ry is the thickness of the

intervening planes (= 2.87 A per plane). As discussed later, the exchange coupling in the
c-direction is of finite range, and thus this behavior suggests the presence of a decorrelation
mechanism (viz., Dy basal plane anisotropy, thermal disorder, etc.) that competes with the
exchange and leads to the loss of coherence for increasing Y thickness. The coherence
length extrapolates to the non-interacting single layer limit of one Dy layer thickness (43 A)
at approximately 140 A of Y.

In order to examine the factors controlling long-range coherent magnetic coupling,

superlattices have been examined for the dependence of the coherence on (a) the direction
of the spin alignment (e.g., basal plane or c-axis), (b) the type of spin structure
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Fig. 5. The magnetic coherence length for a series of [Dy|Y] superlattices as a function of the
reciprocal of the thickness of the Y layer. The number of Dy planes was held approximately constant
at 15 + 1 planes (~ 43 A). The plot illustrates the 1/r fall-off of the coherence, and that the layers
would become non-interacting for Y thickness greater than approximately 140 A.

(ferromagnetic or periodic antiferromagnetic), and (c) the direction of the superlattice growth
(basal plane or c-axis). The first two case studies involve varying the magnetic rare earth
element and uniformly result in coherent multilayer coupling. The Dy superlattices
discussed in this section are examples of basal plane helical spin structures with spins
perpendicular to the propagation vector along the ¢ axis, while [Er| Y] superlattices
discussed in the next subsection are an example of an Ising-like incommensurate
antiferromagnetic system with spins principally parallel to the ¢ direction. [Gd|Y]
superlattices are examples of a system with pure ferromagnetic coupling of spins within the
layers for which either long-range ferromagnetic or antiferromagnetic interlayer coupling is
found, depending on the Y thickness as shown by Majkrzak et al.?! The final case of
rotating the growth axis relative to the spin propagation direction does in fact destroy the
long-range magnetic coherence in [Dy| Y] superlattices as will be shown in a later section.

C-axis Modulated Spin Systems

Superlattices consisting of alternate layers of Er and Y represent a more complex
magnetic ordering than the [Dy] Y] helical and [Gd| Y] antiferromagnetic or ferromagnetic
configurations. The c-axis is the favored moment direction in Er due to a change in sign
of the 4f electron quadrupole moment compared to Dy. Thus the spin alignment is parallel
to the stacking direction of the superlattice and also parallel to the c-axis magnetic
propagation vector. In bulk elemental form, Er initially orders at 84 K into a c-axis
modulated moment structure in which the parallel (¢) component of the magnetization has
a sine wave amplitude modulation with a period of approximately 7 atomic layers. The
transverse moment components are disordered down to 56 K and exhibit helical ordering at
lower temperatures. Approximately in the same temperature range, additional harmonics
signal a "squaring-up" of the c-axis modulated moment structure, until at 19 K the c-axis
order becomes ferromagnetic, resulting in a conical moment state with apex angle about 27°,
The scattering geometry for the Er-Y superlattice studies’ l_ is somewhat more complex,
in that predominately basal plane reflections;for example [1010], must be used to detect the
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Fig. 6. Diffraction scans along the ¢* direction through (10T0) and (0002) for [Er 32] Y 5,1 showing
the development of a linear spin density wave with principal moment component along the c-axis.
At lower temperatures the ordering "squares-up” as indicated by the appearance of higher-order
harmonics [e.g., (10T2)'5 ]. Below about 30 K, the basal plane components also order as indicated
by the satellites of (0002).

c-axis moment components, since the neutron scattering is sensitive only to moment
components perpendicular to Q. Basal plane ordering was detected as previously by re-
orienting the sample with [0002] parallel to the scattermg vector.

Fig. 6 shows a composite of scans along ¢ at (0002) and along c* at (1011) of a
[Ers,|Y,,] superlattice demonstrating that well-defined nuclear peaks and harmonics as well
as magnetic satellite peaks and harmonics are observed. The magnetic peak widths again
confirm that the magnetic order is long range. The reduced intensity of the basal plane
nuclear satellites results from the near equality of Er and Y scattering lengths and possible
interface defects resulting from the nearly 3% lattice mismatch. The Ty for the superlamce

marked by the onset of magnetic satellites in the ( 1010) scans, is 7841 K which is 7%
lower than for bulk Er and similar to the reduction seen in Dy superlattices. The initial

ordering is a near sinusoidal ordering of the c-axis moment components with the transverse
components disordered. Below 35K, additional magnetic scattering appears which can be
indexed as higher harmonics [e.g., (101 10)*3 and (1072) '5] of the fundamental magnetic
satellites (101 ¢)*. These reflect a "squaring up” of the moment components as seen in bulk
Er but at a correspondingly lower temperature than in the bulk. Below about 30 K, the
basal plane moment components order into a helix; however, no conical ferromagnetic
ordering is observed down to § K in contrast to bulk Er. The magnetic coherence range
derived from the magnetic peak width, after deconvolution of the instrumental resolution,
is shown in Fig. 7 as a function of the Y thickness. It is noted that the coherence range
derived from the separate widths of basal plane and c-axis moment components is different.
The basal plane coherence length is comparable to that found for [Dy| Y] superlattices, while
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and c-axis moment component satellites. The basal plane values from the [Dy]| Y] superlattices are
shown for comparison, along with 1/ry and l/ry2 fits to the [Dy| Y] data.

the c-axis values are relatively larger. The figure shows the coherence range for [Dy]|Y]
superlattices for comparison. It is noted that the Er layer thicknesses were not held constant
as was the case for the [Dy| Y] superlattices in Fig. 5.

Superlattices With a Basal Plane Growth Direction

As discussed in the previous subsection, the occurrence of long-range coherent
magnetism in c-axis rare earth superlattices is independent of the primary orientation of the
spins and independent of whether the spin order is ferromagnetic or incommensurate
antiferromagnetic.  All of these systems have the common feature that the superlattice
growth axis is along the ¢” propagation direction of the spin system.

In order Jlo test the dependence of the ordering on the superlattice growth direction
relative to the ¢* __magnetic propagation vector, superlattices were prepared with the growth
axis along a [1010] basal plane direction. 22 This required new preparation procedures due
to the unavailability of conventional substrate materials with an appropriate lattice matching
to the a-c plane of the hexagonal rare earths. Highly polished single crystal slabs of Y were
used as a substrate material with the superlattice of alternate Dy and Y layers grown on top,
following a thick Y buffer layer.

In the neutron scans along the a (growth axis) direction, e near coincidence of the
Y lattice parameters and that of the superlattice prevented the direct observation of the
(0002) structural peak. Instead, as illustrated in Fig. 8 for a [Dy,s| Yqlg, superlattice, the
bilayer harmonics of the (0002) (enhanced by applying a magnetic field which produced
ferromagnetic ordering) were scanned arid their width confirmed the quality and chemical
order coherence of the superlattice as shown by the (Q,,0,2.221) nuclear harmonics of near
resolution width. Below 170 K, helical magnetic ordering was found in the basal plane of
the Dy ]ayers however, as shown in the figure the (0,0,1.995) Q™ magnetic satellite scanned
along a” is quite broad and there are no resolved bilayer harmonics of the magnetic ordermg
Indeed the intrinsic width of this peak, after deconvolution of the resolution broadening, is

£ = 80 A. This is quite close to the 73 A thickness of the Dy layers and is compelling
evidence that the coherence between the helices in adjacent Dy layers is destroyed in these

basal plane superlattices. This result thus estabhshed that the multiple layer coherence
indeed depends on the magnetic propagation vector (c ) being parallel to the growth axis.
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peak is the helimagnetic sateliite. The width of this peak corresponds to a coherence range nearly
identical with the Dy layer thickness showing the loss of long-range magnetic coupling.

For the b-axis superlattices, the helical order which develops within each Dy layer also is
observed to have finite range. Transverse scans show that the width of the magnetic satellite
peaks along the ( 1120) [a*] direction have essentially resolution width (§ = 500 A),
indicating that the ferromagnetic sheets in the basal planes of each layer are uniformly
ordrered and probably limited in extent only by the sample size (along a) and by the layer
thickness (along b). However, the coherence range measured along the ¢” in-plane direction

is significantly smaller and decreases with temperature to about 250 A below 100K. Thus
the helical stacking of the a-b ferromagnetic sheets within each layer is within a finite and

temperature-dependent domain size. Similar results for the range of magnetic coherence
were obtained for a [Dy,|Y,5]s7 basal plane superlattice.

SUPERLATTICE MAGNETIC COUPLING

The above results illustrate that long-range interlayer magnetic coupling is present
in superlattices for which the stacking direction is parallel to the c-axis propagation direction
of the periodic magnetic system and that such coupling is destroyed for stacking sequences
along basal plane directions. The interlayer exchange coupling is not simply ferromagnetic
or antiferromagnetic (except for Gd superlattices) but is of a more complex form as can be
demonstrated from the effective phase shift of the magnetic ordering across the Y layers.
This phase shift can be calculated from the asymmetry in the intensities of the i~agnetic
satellites Q" and Q™ using equation (5). This has been done for the [Dy| Y] superlattices,
and as shown in Fig. 9, this phase shift is not a multiple of = (as for purely ferromagnetic

or antiferromagnetic interactions), but is completely prescribed by the number of interleaving
Y atomic planes. The phase shift corresponds to an effective "turn angle” of 51-52 degrees

per Y layer (x = 0.31 A™Y).
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A theory by Yafet,?3 invoking only the RKKY interaction between Dy layers,
successfully predicts chiral coherency and the correct order of magnitude for the interlayer
interactions (as measured, for example, by the magnitude of the applied field required to
break down helical order). However, in this calculation the Y turn angle is not a constant
independent of Y thickness as observed experimentally. The model does correctly predict
the cross-over from ferromagnetic to antiferromagnetic spin configurations with varying Y
thickness as found in the [Gd| Y] superlattices.°

The complexity of the ordering in [Dy]|Y] and [Er|Y] superlattices and its
dependence on propagation direction has led us to suggest“ that the mechanism behind the
long-range spin coupling is the stabilization of a spin density wave (SDW) in the Y and 4f
lanthanide conduction bands via RKKY coupling to the 4f local moments in the lanthanide.
In linear response theoryIS the real space exchange coupling J(R) can be expressed in terms
of a Fourier transform of a g-dependent exchange j(q):

qmax

J(r) =3 j(g)eie® (6)
g=0

where j(q) is in turn proportional to a conduction electron generalized susceptibility x(q)
through an exchange matrix element j(q) in the following form:

Jl@) = i (@) i%x(q) /2 (7)

x(q) has been calculated for Dy and Y from the band structure.2*2> This function exhibits
strong positive maxima along the ¢ direction at q = Qmax # 0 (q = reduced wave vector),
where q,, is only minimally different for Dy and Y and is in general prescribed by
"nesting" features of parallel sheets of the Fermi surface.? In Dy and other lanthanide
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Fig. 10. (a) Schematic representation of j(q) as discussed in the text for which the width along a”
reflects mainly the exchange matrix element while that along ¢ reflects %(q). (b) The envelope
function for the Fourier transform real space exchange, showing the highly anisotropic spatial range.
The oscillatory function is the actual transform function.

elements this calculated wave vector q.,, is also very close to the n:easureg magnitude of
the helical wave vector at the initial ordering temperature. Inthe a  and b~ directions the
peaked behavior at q # 0 is not observed and j(q) falls off in 3 manner that reflects the core
size and can be approximated by a Gaussian of width 0.63 A™'. Using this form for j(q) in
the basal plane direction and that for ¢" as calculated by Liu,23 Flynn et al.?2 have derived
the three-dimensional representation for j(q) shown in Fig. 10a. The real space exchange
J(R) calculated from eqn. 6 is also shown in Fig. 10b, along with the overall envelope
function for the exchange. The salient feature of this calculation is that the range of the real

space exchange coupling is highly anisotropic and extends out to beyond 130 A with
significant amplitude in the c direction, but along the basal plane direction J(R) falis rapidly

to negligible values within about 12 A. This result clearly explains the existence of long-
range coupling through Y layers exceeding 100 A in thickness (see Fig. 5) in superlattices
grown along the c direction and also accounts for the lack of such coupling through Y layers
as thin as 26 A in [Dy| Y] superlattices with growth axis along b (Fig. 8).

MAGNETIC PERIODICITY AND SUPPRESSION OF FERROMAGNETISM

The fit of eqn. 5 to the magnetic diffraction data for the superlattices yields values of the
propagation vector x, for the magnetic layer and a total phase shift across the bilayer ®.
From these, the layer-to-layer turn angle w in the Dy (or Er) layers can be determined:

180 € (8)
oy T T _Z—OKA

Similarly, an effective turn angle can be determined for the spin density wave in Y which
is the turn angle to which the 4f spins would lock if present. Fig. 9 (right) displays the turn
angles for the Dy superlattices, while the turn angles for the c-axis modulated spin structure
of the Er superlattices is shown in Fig. 11. It is noted that w in the Y remains constant at
about 51-52 degrees/Y layer (x = 0.31 A1), corresponding closely to the peak q position
in x(g).z“'zs 27" The turn angle between the Dy planes varies with temperature as in bulk
Dy,2 but without the first order drop to @ = ( at 85K which signals the onset of the
ferromagnetic state (suppressed by epitaxial clamping of the magnetostrictive modes in the
superlattices as discussed later). This temperature dependence has been suggested to arise
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Fig. 11. The temperature dependence of the turn angles in the Er and Y layers for three [Er} Y]
superlattices compared to bulk Er. The superlattice Er layer w is "clamped” near the high-
temperature lock-in value of bulk Er (2n/7). The basal plane © appearing at low temperature has
a somewhat smaller value than the c-axis w. The o in the Y layers is near the 50 value prescribed
by the electronic structure.

from the development of superzone gaps in the Fermi surface coupled to the order
parameter,?? or from the effects of the magnetostrictive interactions.>2 In bulk Dy at Ty,
» has the value 43.2° which decreases to 26.5° just above the first order transition to
ferromagnetism at T, .“® 1In the superlattice [Dy,| Yol;oo the turn angle is observed to
lock-in to 30 degrees below about 50 K, presumably driven by the increase in the sixfold
basal plane single ion anisotropy energy. For Er superlattices, using an analysis including
the effects of strain modulation, distinct turn angles were obtained for the c-axis and the
basal plane moment components which also order at different temperatures. More recent
measurements at low scattering angles, for which strain modulation effects are negligible,
produced identical values for the turn angles of both components as in bulk Er. As shown
in Fig. 11, the c-axis turn angle is about 50° (=2n/7) per layer corresponding to the high
temperature initial state of bulk Er and shows relatively little temperature dependence
compared to bulk Er which is given by the solid line. The plateaus in the bulk turn angle
(mdexed by the fractions) correspond to stable commensurate moment configurations (a spin

"slip" structure) as derived by Gibbs et al.!® from an analysis of the magnetic x-ray
scattering using synchrotron radiation.

The absence of the low temperature ferromagnetic transitions observed in bulk Dy
at 85K and in Er at 20K is a universal characteristic of the superlattices studied and also of
Dy and Er films grown on sapphire substrate with Y strain relieving layers. 12,2230 14 the
bulk elements the ferromagnetic phase transition is driven by a reduction in the
magnetostrictive energy associated with the ferromagnetic state compared to the helical (or
c-axis modulated) configuration.3132 In Dy for example, the exchange interaction favors
the helical ordered state by an energy difference of approximately 1K/atom at 0 K. This is
countered by the large magnetostrictive energies which consist of two principal modes: (1)
an anisotropic y-mode strain>3-34 that corresponds to an orthorhombic symmetry distortion
of the basal plane and that is effectively "clamped” in the helical state and (2) isotropic a-
mode c- axis and basal plane dilations (partially clamped in the helical state). The
magnetostrictive energy reduction from allowing these strains to unclamp in the
ferromagnetic state amounts to about 2 K/atom at T = 0 and about 1 K/atom at T, = 85.
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In bulk Dy, this is sufficient to overcome the equivalent exchange energy difference favonng
the helical state and to drive the system ferromagnetic at 85 K. In the superlamce there is
further clamping by the presence of the non-magnetostrictive epitaxial Y layers attached on
either side of the Dy. This clamping strongly inhibits the y-mode strain and is relatively
weaker for the a-modes. The a mode energy (calculated to be = 0.6 K/atom at 85 K') is
insufficient alone to drive the transition, and the clamping of the y-mode strain forces the
Dy in the superlattice to remain helical down to low T. In Er superlattices and films, the
absence of the conical ferromagnetic state and the weaker temperature dependencies of the
turn angles compared to bulk Er are also ascribed to magnetostrictive effects.

MAGNETIC MOMENTS AND INTERFACE DISORDER

The coherent 4f atomic magnetic moment in magnetic layers of the Dy and Er
superlattices can be calculated from the observed magnetic scattering intensity relative to the
nuclear intensities. The resulting temperature dependence of the moment is shown in Fig.
12 for Dy and Er superlattices and compared to a Brillouin curve (J = 15/2) for Dy and to
the experimental bulk c-axis and basal plane moments for Er. For the Er superlattices the
data analysis was based on i1 simple parameterization of the squaring-up process. Note that
the low-T value of the c-axis moment is 8y as in bulk Er (total free ion moment = 9 up),
and with a rapid fall-off at increasing temperatures. The 5 K basal plane moment (helical)
is about 3.5up which is reduced from the bulk value of 4upg. For Dy, the calculated atomic
moments for both superlatticess fall below the Brillouin curve for the 10 pj free ion moment
of Dy. The figure also shows the total overall magnetic intensity obtained from a difference
pattern between scans taken at temperature (T) minus that for T > Ty. This difference
intensity, which should include all the magnetic scattering (coherent and incoherent), does
accurately follow the Brillouin curve. These results imply some degree of disordered
moment, presumably in the mterface layers, which does not contribute to the coherent
moment. Additional evidence’ for this is found in a temperature-dependent weak broad
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Fig. 12. (Left) Temperature dependence of the coherent Dy layer moment in [Dy ] 6' Y plgg and
{Dy,slY, 4]64 superlattices compared to a Brillouin function. Also shown is the total integrated
magnetic intensity. (See text.) (Right) The c-axis and basal plane moment components for
[Er13|Y26]. [Er23|Y19]. and [Erl3]Y26] superlattices (T, = 78.0, 78.5, and 72.5 + 1 K,
respectively) compared to bulk Er (T, = 84 K). The ordering temperature for the basal plane
components is about hal{ the value for bulk Er.
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Fig. 13. Enlarged plot of the (0000) scattering in the [Dy;s|Y ;4154 superlattice showing the broad
magnetic peak underlying the pattern at the (0002) position. This peak, reproduced by the shaded
area, reflects short-range ferromagnetic correlation of the some of the moments, presumably those in
the interface layers. This explains the reduced coherent layer moment (Fig. 12).

diffuse scattering which underlies the [0002] nuclear peak. This is shown by the enlarged
plot in Fig. 13 for a [Dy,5| Y4164 superlattice at 10 K. The shaded area is a representation
of the broad incoherent scattering underlying the (0002) diffraction peak at Q, = 2.24 Al
The broad distribution reflects ferromagnetic moment correlations of a range of order 10 A.
The reduction of the coherent moment in the interface layers has also been found in [Gd-Y]
superlattices by Majkrzak et al.3 and has been calculated directly from magnetic diffraction
data on [Gd| Y] using polarized synchrotron radiation data by Vettier et al.>> The best fit
model to the diffraction data as shown in Fig. 14 assumes the full Gd moment (5.6 uyg for
T = 150 K) at the center of the Gd layer with a reduction in the planes near the interface.
Interface disorder effects are presumably responsible for the decreased coherent moments
in the Er superlattices also.

MAGNETIC FIELD DEPENDENCE

The response of the superlattice systems to an external applied field has been studied
by both bulk magnetization and by neutron diffraction. The results of the bulk magnetization
study on [Dy| Y] superlattices can be found in ref. 8, and results on the [Er|Y] in refs.
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Fig. 14. Models for the spatial magnetic moment modulation in a (Gd,y I'YZ 7] superlattice. The
dashed curve follows the chemical modulation, and the solid curve, which gives the best fit to the
data, represents the full 6.0 p g moment (T = 150 K) at the center of the Gd layer with a smooth
decrease in the interface planes (after Vettier et al.33 ).
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Fig. 15. (Left) Field dependence of the Q™ magnetic satellite in {Dy ] 6| Yyplgo at 130 K. The satellite
and magnetic bilayer harmonics are observed to broaden in low fields reflecting a loss of coherence.
(Right) Only at fields higher than 10 kOe is the intra-layer helimagnetic structure gradually destroyed
by the field and the resulting ferromagnetic component appears as intensity on the (0002).

11,12. The magnetization process has also been studied by neutron scattering with a
superconducting magnet to apply fields in the basal plane of the c-axis growth superlattices.
The effect of the field on the [Dy 4| Y,0lgg sample varied depending on the temperaxture.9
At 10 K (0.059 T,), the intensity of the Q~ satellites was observed to decrease above about
3 kOe and to essentially collapse in fields of 10 kOe and higher. This corresponds to the
destruction of the helix by the applied field and its conversion to ferromagnetic order. This
is the same as in bulk Dy, although without a discontinuous transition as in Dy at low T.
The intensity removed from the Q* helix peaks reappears concomitantly as ferromagnetic
intensity added to the (0002) peak and its harmonics. At higher temperature, for example
130 K (0.77 T,), as illustrated in Fig. 15, the Q" satellites are observed to first broaden
increasingly with field. This corresponds to a decrease in the magnetic coherence length and
at the higher fields the coherence is lost to a degree that merges the three satellite peaks into
one broad maximum. This initial loss in coherence occurs before an appreciable
ferromagnetic moment component is developed as shown in the figure where additional

(C00?) intensity is evident only above 10 kOe.
As suggested in ref. 7, this loss of coherence may arise from a Zeeman coupling of

the applied field to the uncompensated moment, which is the vector sum of the moments in
a Dy layer. It will be in general non-zero because of an incomplete helical period at the
layer boundary. As shown in Fig. 16, the net uncompensated ferromagnetic moment can
be quite large and varies with the Dy layer thickness and also with temperature because of
the variation of both the turn angle and the order parameter. At temperatures near Ty it is
suggested that this coupling to the helically directed (super-spiral) uncompensated moment
in each layer acts like a random field and breaks the weak interlayer exchange coupling of
the Dy spins. This results in independent layer helical magnetism as is reflected in a single
broad magnetic satellite at the centroid of the three original zero field satellites. At low
temperatures the decreased thermal spin disorder and strongly increased anisotropy and
magnetostriction interactions result in a lower ferromagnetic transition field and apparently
preclude the loss of coherence before the helical order is eliminated.
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Fig. 16. Uncompensated net ferromagnetic moment resulting from the incomplete helicies in the Dy
layers. It is suggested that at temperatures approaching Ty, the coupling of the applied field to this
net moment destroys the long-range interlayer coupling.

This explanation is also consistent with the behavior of the [Dy ¢ | Yg] ;0o Sample that
has relatively less Y and a larger zero field coherence length. (See Fig. 5.) Due to the
thinner Y layer this sample is expected to have a stronger interlayer exchange coupling, and
it was found that there is relatively little broadening of the Q satellite at 130 K (or at lower
T) on application of a field. This suggests that the applied field Zeeman coupling to the net
moment is insufficient to break the relatively stronger c-axis exchange coupling in this
sample. The onset transition fields (<1 kOe at 10 K) for the helical to ferromagnetic
conversion are lower than in the thicker Y sample, reflecting again the larger
magnetostriction and anisotropic energy densities.

The magnetization of an [Er; 5| Y,41, o0 superlattice as measured by both neutrons and
a SQUID magnetometer is shown in Fig. 17. At low temperatures the turn angle in zero
field was found to be 50.3 . As shown in the left figure (a), on application of a c-axis field
(H = 7 kOe internal) this shifts to the commensurate value @ = 2n/7 = 51.4 with no loss
in the long-range magnetic coherence. The relatively poor resolution of the principal and
superlattice peaks is a consequence of the out-of-scattering plane (1,1,2,£) scan. At higher
fields no further shift in q is observed indicating that the 2r/7 state is the stable
configuration. At 40 K (Fig. 17b, left), the zero field state already has the stable w =2n/7
value and is thus not shifted by application of a 8 kOe field. However, larger fields strongly
shift the q-centroid and produce broadening indicating a loss of coherence.  This shift
corresponds to the development of linear fan states with an average w = 35, which is
significantly lower than any turn angle in bulk Er. The lower magnetoelastic energy in the
superlattice due to epitaxial clamping favors the formation of a fan state instead of a direct
transition to a c-axis aligned state. The fan states also appear as plateaus in the SQUID
magnetization data in Fig. 17 (right) for temperatures of 20 K and higher. The
magnetization step at low fields corresponds to a net moment of 1/7 of the saturation value
which is characteristic of the 2x/7 commensurate lock-in state. It is noted in Fig. 17b (left)
that the zero field remanent state following appplication of a 27 kQe field recovers the zero-
field-cooled turn angle but the range of coherence is appreciably reduced.
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SUMMARY

Artificial metallic superlattices of the heavy lanthanide elements with yttrium have
been shown to exhibit incommensurate (except Gd) periodic magnetic order that is coherent
over several bilayer periods. The features of the ordering, including the phase and chirality
coherence observed in [Dy]Y] systems, suggest that the order is propagated via a spin
density wave in the Y conduction bands stabilized by the 4f spins. Superlattices with the S-
state ion Gd behave similarly, except that the interlayer coupling is only collinear
ferromagnetic or antiferromagnetic. The existence of the long-range propagating order is
found to be independent of the direction of the net moment component (viz., Dy vs. Er) as
long as the stacking dlrecnon of the superlattice is parallel to the propagation vector of the
magnetic structure (c). However, [Dy| Y] superlattices produced with the growth axis in
a basal plane direction are observed to have no long-range interlayer coupling consistent with
the large anisotropy in the conduction electron generalized susceptibility, which leads to a
large anisotropy in the real space exchange coupling range. In the [Dy| Y] superlattices, the
magnetic coherence length is found to be proportional to the reciprocal thickness of the
intervening Y layer. In the Dy-Y superlattices, the application of an external field effects
a gradual transition to an aligned ferromagnetic state. This transition is preceded at
temperatures approaching Ty (in samples with relatively thick Y layers) by a loss in
interlayer coupling before the helical ordering is broken.
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X-RAY CHARACTERIZATION OF MAGNETIC MULTILAYERS

AND SUPERLATTICES

Charles M. Falco, ].M. Slaughter and Brad N. Engel

Department of Physics; Optical Sciences Center
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Tucson, Arizona 85721 USA

INTRODUCTION

In this paper we describe several x-ray diffraction techniques which we have
found to be very useful for characterizing the structure of magnetic multilayers and
superlattices. Examples are given from several of the magnetic and non-magnetic
materials studied recently with these techniques.

HIGH-ANGLE 6-20

The lattice constants of most materials of interest for use in magnetic multilayers
and superlattices are a few Angstroms. Since A, = 1.542 A for the commonly used Cu
K, radiation, this means that high symmetry crystallographic planes (e.g [110] for bcc
materials, [111) for fcc, etc.) will result in diffraction at angles 26 = 35°-45°. Diffraction
at angles in this range is referred to as "high-angle” diffraction in this paper.

Satellite Peaks

Satellite peaks in the high-angle x-ray diffraction spectra (as well as the presence
of low-angle superlattice Bragg peaks), are direct evidence of composition modulation
and long range structural coherence in a superlattice."*** It can be shown™* that the
spacing of the satellite lines should obey the relation

A = A,/2[sin®, - sin@,,,] M

where A is the superlattice wavelength, A, is the wavelength of the x-rays, and 6, and
0,,, are the diffraction angles of two adjacent satellites. Thus, as the modulation
wavelength A of the superlattice is decreased, the separation of the superlattice lines
should increase in angle. A plot of the high-angle x-ray lines for a series of Cu/Pd
superlattices is shown in Figure 1. Data of this type can be used to directly determine
the modulation wavelength A of each superlattice sample.
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Figure 1. X-ray diffraction intensity vs. diffraction
angle 26 for a series of Cu/Pd superlattices of
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Structural Coherence Length from the Scherrer Equation

After deconvoluting instrumental broadening and the overlap of adjacent x-ray
satellite peaks, the Scherrer equation,” can be used to convert measured x-ray
linewidths into structural coherence lengths. For example, in Fig. 1 the linewidth of the
central Bragg peak (20 = 42°) is seen to remain very narrow over the entire range of
wavelengths shown, down to A < 10 A. From these linewidths we calculate the
structural coherence length perpendicular to the Cu/Pd layers to be > 150 A for 10 A <
A <115 A, This indicates that the structure perpendicular to the layers is coherent over
many interfaces in this material.’

Different Crystal Planes

High-angle Bragg diffraction is usually made from crystal planes which are in
the plane of the substrate. However, diffraction also can be made with the sample
surface rotated to some other fixed angle.® For example, the (211) planes in a metal
with bee structure are at an angle of 30° with respect to the (110) planes. Consequently,
the sample can be mounted in a standard diffractometer at 30° with respect to the
substrate normal, and 6-20 scans made through the (211) reflections. Knowing the
structural coherence length perpendicular to the substrate and at some other angle
relative to the substrate normal is sufficient to obtain a measure of the in-plane
structural coherence length.

Strain

The intensity of the x-ray diffraction peaks contain information about the strain
in the samples. Since strain can affect the magnetic properties of a thin film, such
information is desireable. If we assume that in the sperlattice the scattering factor
varies over the range f(1 + n) and lattice spacing over the range d (1 + €), and we also
assume that the strain amplitude € is small, we can write an expression for the ratio of
the intensities of the first order satellites as’

I'/1* = [(A/d - De + n]*/[(A/d + De -n] ¥)

Experimentally, the ratio of the first order satellite peaks, I'/I*, is obtained as a function
of A after correcting for the Lorentz, polarization, and Debye-Waller factors in the x-ray
intensities.' By considering the elastic nature of each layer, we can convert the
coherency strains € obtained from Eq. (2) into parallel strains e,,,. The perpendicular
strains are converted into parallel strains by use of the definition of the Poisson ratio e,
= -ve,, where v = 1/3 is assumed for both layers. Strains determined in this way from
diffraction measurements from a series of Mo/Ta superlattices are plotted as a function
of A in Fig. 2, where the dashed line is the theoretical curve. Except for the A =9 A
sample we see that the experimental data agree reasonably well with the theory. The
data in Fig. 2 suggest a critical wavelength A_ = 28 A, at which point misfit dislocations
are introduced in the layers. Beyond this, the data show the expected decreasing of
strain with further increasing A. Figure 2 indicates that some kind of structural
transition is occurring, which would affect the physical (e.g. magnetic) properties of a
superlattice. However, caution must be taken when trying to determine information
about structure parallel to the interfaces from spectra obtained with a scattering vector
perpendicular to the layers, as this can lead to ambiguous results.’

LOW-ANGLE 0-20

As discussed above, for Cu K, radiation (A, = 1.542 A) and typical lattice
constants a = 2 A, the Bragg condition for high symmetry planes is satisfied for angles
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20 = 40°. However, the diffraction condition also can be satisfied directly from the
superlattice repeat distance A. Since a typical sample of interest might contain = 5-50
atomic layers in each A, the low-angle Bragg peaks should occur for angles 28 < 0.5-5°.

Figure 3 shows an x-ray diffraction scan at grazing incidence angle for a Mo/Si
sample of A = 126 A (dy, = 31.2 A; ds; = 94.8 A). At very low angles (<0.6°) the
reflectivity of the sample approaches 1.0 due to total external reflection. The lowest
order Bragg peak, occurring at 20 = 0.9°, is seen to be distorted. This is caused by
refraction of the x-rays due to the slight difference of indices of refraction between the
sample and air. The regularly spaced subsidiary maxima between the low angle Bragg
peaks are due to the finite number of bilayers (15) in this sample. Figure 4 shows an
expanded region of this data near the 5th and 6th Bragg peaks. The 13 subsidiary
maxima due to the 15 bilayers in this sample can be clearly seen. The presence of such
subsidiary maxima are direct evidence of the quality of the layering, since variations in
layer thickness of only +0.5% would ob iterate these peaks. The bilayer spacing (A =
dy, + ds) can be determined accurately from the Bragg peak positions and, by fitting
model calculations to the measured curve, the thickness ratio (y = dy,/A), r.m.s.
roughness of the layers, and the thickness of oxide on the top Mo layer can be
deduced.® Unfortunately, for some materials of interest (e.g. Co/Pd), the x-ray contrast
between the materials in the two layers is too small to give rise to more than one or
two low angle peaks in spectra obtained using a conventional sealed tube x-ray source.
Thus, the information which can be obtained from measurements of such samples is
limited, unless data is taken using an intense source, such as a synchrotron.

WIDE-FILM DEBYE-SCHERRER

Wide-film Debye-Scherrer x-ray diffraction ("Read camera™)!*2"3
measurements are very useful for studying the crystalline structure of metal-metal
superlattices. The Read camera uses a glancing angle x-ray beam incident at some
fixed angle with respect to the substrate (typically 5° - 50°, depending on what features
are being studied), and the diffracted beams then emerge in various directions
determined by the crystal structure. However, unlike the case of the 6-20
diffractometer, the scattered wavevector is no longer constrained to be perpendicular to
the substrate in order to be detected. Thus, one photograph contains information about
the crystal structure perfection both in and out of the plane of the substrate.

Figure 5 is a portion of a Read camera diffraction pattern from an MBE-grown A
=26.4 A Co/Pd film on a (110) GaAs substrate. Sharp spots from the single crystal
Ga/ As substrate are clearly visible, as are the superlattice lines from the Co/Pd sample.
The angular width of the Co/Pd superlattice "spots” indicates a mosaic spread of only
about +5°. In addition to the (110) spot at 26 = 40°, which would have been measured
by a standard diffractometer, one also sees diffraction from the (011) and (017) planes
oriented at 60° with respect to the (110) spot. These spots all are due to diffraction
from planes with the same spacing, and thus occur at the same 26 value. However,
with the Read camera it is possible to confirm that they have the proper
crystallographic orientation with respect to each other, as expected of a sample which is
close to single crystal in quality. At higher angles one sees the (200), (211), etc. planes,
all of which lie at the correct "single crystal” values with respect to each other.

SEEMANN-BOHLIN
The Seemann-Bohlin scattering geometry is very similar to that of the wide-film

Debye-Scherrer technique discussed in the previous section.!*51¢7  However,
instead of photographic film, a scintillation counter is used to detect the diffracted
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Figure 5. Portion of a wide-film Debye-Scherrer diffraction
pattern from an MBE-grown A = 26.4 A Co/Pd superlattice.
Approximately 45% of the entire pattern is shown in this

Figure.
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Figure 6. Seemann-Bohlin diffraction scan from a A = 15 A Pd/Co
multilayer of total thickness t = 160 A,
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beams. This limits the diffraction information collected to that of a single arc in
reciprocal space, rather than the wide area possible with a sheet of film. However, use
of a counter means the sensitivity is much greater than possible with photographic film.
Also, an incident beam focussing monochrometer is used, giving much higher
intensities, as well as greatly increased resolution. Because the x-rays are incident on
the sample at a grazing angle o, the effective film thickness is increased by
approximatey 1/sinw. This enables very thin films to be studied with this technique
using conventional sealed tube x-ray sources. Figure 6 is a scan made of a sputtered A
=15 A Pd/Co muliilayer on a sapphire substrate. This sample consists of 10 Co layers
of de, =4 A and 11 Pd layers of dpy = 11 A, for a total sample thickness of only = 160
A. In spite of the thinness of this sample, diffraction from three crystallographic planes
can be resolved.

LAUE

Transmission and reflection Laue diffraction using polychromatic Mo radiation
is useful for determining the symmetry of growth of multilayer thin films. The primary
difficulty with Laue diffraction is the small diffraction intensity from the thin film as
compared to the diffraction intensity from the substrate. This can be overcome in some
cases by removing the sample from the substrate. However, strong adhesion often
means that the sample is damaged in the removal process. For materials which grow
best on substrates such as single crystal sapphire, removal by dissolving the substrate is
not possible.

SUMMARY

We have described several x-ray diffraction techniques which are very useful for
characterizing the structure of magnetic multilayers and superlattices. These techniques
provide complementary information to the others, so that using a combination of them
is desireable when attempting to establish structure-property relationships in magnetic
multilayers and superlattices.
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INTRODUCTION

In this paper we present some theoretical and experimental results on
the characterization of roughness in thin films and multilayers by
scattering techniques. Particular attention is focussed on the difference
between specular and diffuse scattering and on correlated roughness between
interfaces.

SPECULAR VS. DIFFUSE SCATTERING

There are two components to the scattering cross-section from a rough
surface. One is a true specular component which is restricted to the
specular ridge (chosen as the gz axis in reciprocal space) and which
contains the factors 8(qx) 8(qy) and is a function of qz. This component
is thus limited only by the resolution width of the spectrometer in a
transverse scan (rocking curve) across the specular ridge in g-space. The
other is a diffuse component due to the height-height fluctuations of the
interface. It is centered at gx=qy=0 but is in general broader than the
instrumental resolution and gives "tails"™ to the rocking curves, as well as
being a function of qz. The specular reflectivity is obtained from the

true specular component as 1,2
R = RF exp(_qquo’z) (1)

where Rfp is the usual Fresnel reflectivity for a smooth surface of the same

material, a, is the value of g inside the medium (=-qqf-qf, where g¢ is

the critical normal wavevector transfer for total reflection), and ¢ is the
rms surface roughness. To obtain a true estimate of the glgbal surface
roughness one must subtract from the measured intensity the estimated
diffuse scattering under the specular ridge, i.e. one must separate the two
components (else one is measuring only a (smaller) Jlocal roughness over a
region inversely proportional to the instrumental acceptance width in g-
space). In practice, this can usually be done by measuring the diffuse
scattering on either side of the specular ridge by slightly missetting the
reflecting surface off the specular angle, although if the diffuse
scattering is sharply peaked around the specular ridge (i.e. if the surface
height-height correlations are long ranged) one may need very tight
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resolution settings. One must also integrate over the width of the true
specular peak in the rocking curve, noting that the resolution width
changes continuously with gz. Such procedures have generally not always
been followed in reflectivity measurements from multilayers, resulting in
probably considerable underestimates of surface roughness. As an example,
we show in Fig. 1 the specular and diffuse scattering (i.e. off-specular
scattering) from a GaAs/AlAs multilayer in the small angle region as
measured at the National Synchrotron Light Source at Brookhaven3. Note
that the difference which is the true amplitude of the specular scattering
decreases much more rapidly with gz than the "raw" intensity yielding a
larger value of the roughness. Note also that the diffuse scattering also
shows multilayer low angle Bragg peaks. This is due to correlated
interface roughness and is discussed in the next section.

CONFORMAL INTERFACE ROUGHNESS

We now discuss the general results for scattering from a multilayer
where the interfaces possess correlated or conformal roughness, in the
sense illustrated in Fig. 2. We work here in the small angle limit, i.e.
we neglect the crystal structure of the materials assuming only uniform
electron densities in the layers separated by (rough) interfaces. This may
be expressed mathematically in the following manner. If 8zj(xr) is the
height fluctuation of interface i above its average value at lateral
position x in the plane, we write

(82,(0)8z,(F)) = ¢, (F) )
If the roughness of the interfaces is truly uncorrelated, cij(r)=81jc(z)
where c(r) can be generally taken to be of the form o2 exp(-r/&u)h)
(o<h<1)1, and the diffuse scattering will be the incoherent sum of the

diffuse scattering from each interface. 1If on the other hand, there is a
degree of conformal roughness (as in Fig. 2), we may write

c;(F)=c,(F)+ o exp(—lz,.—zjl/él) c(7) 3

where 2j, z4 are the mean positions of interfaces i.j respectively, and 61
is a conformal correlation length along the z-direction. (We have assumed,
for simplicity, that the mean square roughness of each interface is the
same) Cq(r) represents a short-wavelength fluctuation on each interface
which is independent of the others. Then the expression for the diffuse
scattering intensity from the N interfaces in the multilayer can be shown
to be give? in the Born approximation by3

I -iq,(z,»—x) 2 29 o -
I=22——— N ApAp. e " exp[- +8%i- j)] F;

q,2 k:SinaSinﬂE,I: px p/ p qz(a'2 6 !‘ .Il) q(qll) )
while the expression for the integrated specular reflectivity in the Born
approximation is given by

1 2 —ig,(2;~2; . E
R= 67 Y Ap.Ap; (e ’)exp[—qf(oz+62|1—j|)]
qt ) (5)
In Egs. (4) and (5), I is the detector counts per second, Iy the incident
beam intensity (we assume the sample completely intercepts the beam), ko
the wavevector of the incident radiation, o and § the angles which the
incident and scattered beams respectively make with the surface,

2
Ap; =':C_(": -n:)

2

(6)
where nii denotes the electron density of the medium above or below the
interface i, 8 is the root-mean-square random error in the mean thickness
of each layer compared to its nominal mean thickness, and

F;/(qn) = dedy[e'~‘v ® _ 1] o .

gy being the component of the set momentum transfer parallel to the
surface. These expressions are only valid for gz>>qc while near or below
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the critical angle they have to be modified according to the Distorted Wave
Born Approximation2 in a manner which we shall not have space to discuss
here. Eq. (6) must of course also be convolved with the instrumental
resclution in order to reproduce the observed counts.

We now discuss qualitatively the structure of the scattering. The
TS T
factor € LR arising from the cumulative deposition error & will produce
a "smearing out™ along gz of both the specular (Bragg) peaks and the
diffuse scattering peaks. (In the limit of an infinite number of bilayers,
the Bragg peaks would become delta functions in g, but are broadened to

Lorentzians by this factor). If 6; is very large, i.e. the conformal
roughness persists over all the interfaces, so that cij(r) becomes more or

less independent of i.j, then the factor e—qdu_h)in the diffuse scattering
will produce constructive and destructive interference between the
scattering from the various interfaces, resulting in the peaks in the
diffuse scattering seen in Fig. 1. Thus a transverse scan (rocking curve)
across the specular ridge will show a different line shape when q; is at a
Bragg peak and when it is at a minimum between peaks. This is illustrated
in Fig. 3 for a Pb/Ge multilayer4. The transverse scan across a gz-minimum
is fairly flat, corresponding to rather short-length scale height-height
correlations which are not conformal between interfaces, while that across
a Bragg peak is peaked strongly at the specular ridge, implying conformal
long length-scale height fluctuations across the interfaces. The
additional peaks at transverse g-values do not imply periodic order along
the surfaces, but are rather a interesting manifestation of what we may
call "generalized Yoneida scatteringzl5 (due to multiple Bragg and diffuse
scattering whenever either the incident or scattered beams make an angle
with the surface corresponding to total reflection or Bragg scattering).

It should be borne in mind, for crystalline multilayers, that the
roughness of the interfaces is a manifestation of the height and
orientation distribution of the microcrystalline grains at the interface.
Thus a combination of small and wide angle data is needed for a complete
micro~characterization of the grain morphology in multilayers. Detailed
results will be given elsewhere3.
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INTRODUCTION

In recent years a great deal of effort has been devoted to the study
of the growth of thin-films with microstructures that lead to physically
interesting and technologically useful pr‘operties.1 Modern deposition sys-
tems increasingly have been used to produce magnetic films with controlled
values of magnetization (Mg), coercivity (Hg), uniaxial anisotropy (K,),
ordering or compensation temperature (Tc), etc. Much of the driving force
for this research has come from the hope that, with enough understanding
and control of the microstructure and its relationship to properties, it
will become easy to design magneto-optic or perpendicular recording data-
storage media, or to create thin-film hard or semihard magnets which can be
coupled with semiconducting integrated circuits, micromachines, microsen-
sors, actuators, etc.

In this paper we review recent work in this field with particular
emphasis on thin films containing rare-earth elements. The rare earths,
particularly when combined with the ferromagnetic 3d transition metals (Fe,
Co and Ni), form a vast array of compounds and alloys with widely variable
properties. Moreover, amorphous alloys of the form a-TbFeCo and crystal-
line compounds of the NdyFeqyB class constitute two of the most important
magnetic materials for high-density erasable magneto-optic data storage and
for high energy-product permanent magnets, respectively. In both of these
applications the single-ion anisotropy of the rare earth element, plus
subtle or straightforward anisotropic atomic structures, lead to a uniaxial
magnetic anisotropy which is at the heart of the desired properties. An
additional desirable feature of the rare earths is that their chemical sim-
ilarity leads to easy substitution of one for another. By contrast, their
Hund's rule interactions and the presence or absence of orbital angular mo-
mentum produces a wide range of ferromagnetic or ferrimagnetic structures,
when combined with 3d moment-bearing iong, and either very strong or rather
weak magnetic anisotiropies.

Specifically, in this paper we will focus on the use of a multi-
ple-gun sputtering system, such as that shown schematically in Fig. 1, to
produce thin films of RT-TM multilayers. The ability to deposit multilay-
ers, with characteristic layer thicknesses in the nanometer region, gives
one the hope of affecting the local atomic arrangements in ways that will
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produce interesting properties. The many controllable parameters available
in a deposition system (e.g., sputtering pressure, substrate temperature,
deposition rate, etc.) permits a variety oI multilayered structures to be
grown, and some of these are illustrated in Fig. 2. A coherent layered
structure, or single-crystal superlattice, is shown in Fig. 2(a). A compo-
sitionally modulated alloy (CMA), with some disorder at the interfaces, is
depicted in Fig. 2(b). A variety of other multilayers are shown in

Figs. 2(c)-2(f), with the latter two showing schematically ferromagnetic
and ferrimagnetic examples with differing atomic structures. Additional
complexity can be Introduced by employing rare earth (RE) and transition
metal (TM) elements when the REs possess orbital angular momentum and sin-
gle-ion anisotropy. In a homogeneous amorphous RE-TM alloy such as a-TbCo,
the randomness of the structure produces random easy magnetic axes, which
tends to disorder the RE moments, below the spin-freezing temperature, into
a frozen spin-glass-like structure. Often this is called a speromagnet, a
term wnhnich is used reasonably to indicate that the disordered spin struc-
ture is caused by random magnetic anisotropy (RMA) rather than exchange
fluctuations which produce a typical spin glass such as Cu-Mn. When RE/TM
multilayers are considered, some rather complex magnetic structures can be
envisaged and a few sxamples of these are shown schematically in Fig. 3.
Here, an idealized RE/TM multilayer with perfectly sharp interfaces is
shown in (a), and a sine-wave modulated multilayer, with Crg(z) and Crm(z)
representing the atomic fractions of the RE and TM along the growth direc-
tion z, in (b). Fig. 3(c) shows some possible RE-TM amorphous alloy mag-
netic structures for light and heavy REs with random aaisotropy, and for
gadolinium with no random anisotropy. The "fanned" RE structures shown for
the Nd and Dy structures result from random anisotropy in the assumed amor-
phous structure of the CMA.

Research on RE/TM multilayers in the last few years nas been stimu-
lated by several factors. First, there has been growing interest in mag-
netic and other phase transitions in physical systems which approach two or
even one dimensions. Second, considerable progress has been made in under-
standing magnetic transitions in random systems such as spin glasses and
random magnetic anisotropy (RMA) systems. In thz latter case, scaling
analyses have indicated the presence of a true phase transition, and theo-
retical work has indicated that when a coherent anisotropy is added to the
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RMA problem, the speromagnetic ordered state is converted into a ferromag-
netic-like one.? Naturally, the deposition and growth of thin films does
tend to produce a uniaxial anisotropy and thus there is the nope of relat-
ing recent tncory to thin-film RMA systems, i.e., those containing RE ions
with orbital angular momentum. Third, work in the early 1970s showed a
perpendicular magnetic anisotropy (PMA) in sputtered, nominally isotropic
RE-TM amorphous films. The origins of this PMA have remained controversial
ever since, but it often has been claimed that anisotropic pair correla-
tions, for example excess TM-TM pairs in the film plane or excess RE-TM
pairs normal to the film plane, were the socurces of the PMA. Clearly, the
modern multiple-source deposition systems, such as that of Fig. 1, permit
the control of the atomic pair correlations and their anisotropy, and thus
allow one to investigate these questions. These circumstances have moti-
vated the research to be outlined in the remainder of this contribution.

Thnis article is intended to review our understanding of the physics
of thin-films such as those introduced above. We do not review exhaustive-
ly all of the specific systems that have been investigatea experimentally,
but rather illustrate with a few examples the kinds of phenomena that have
been observed. In the following sections we discuss aspects of the experi-
mental determination of the anisotropy, summarize some systematies of PMA
in RE/TM multilayers, outline a theoretical model for PMA in these systems,
and discuss recent work on magneto-optics of RE/TM multilayers.3'5

MAGNETIC ANISOTROPY IN THIN FILMS

The measurement, interpretation and theoretical understanding of the
magnetic anisotropy of thin films is of great importance fundamentally and
for practical reasons. This section is intended to be a tutorial on defi-
nitions and measurements of anisotropy energles and fields in thin films.
It has been found that there is some confusion on these concepts, even
among those performing researcn on modern materials.

Definition and Measurement of Anisotropy

In the uniaxial case one may write the anisotropy energy per unit
volume as

Ey = Ky sin? 0, (n

where O is the angle between the magnetization (M) and the easy axis ().
The anisotropy constant (Ku) can be measured with a torquemeter. Here wc

——e RE

——— M
RE ™ RE }
(A)
NdFe GdFe DyFe
- Caet2) Cvutz)
*
= — .
S -
1 1 N NdCo GdCo DyCo
(B) : (c)

Fig. 3 Schematic diagrams of: (A) idealized multilayer with sharp inter-
faces; (B) sinusoidally modulated RE/TM multilayer; and (C) mag-
netic structures possible in RE-TM glasses and multilayers.

153



focus on its determination by magnetization measurements as a function of
the direction of the applied field (ﬁa). The measured anisotropy, or effec-
tive anisotropy, is determined by measuring the area between the parallel
(ﬁa | ) and perpendicular (ﬁa 1 &) magnetization curves. That is, the
measured anisotropy (K&) is given by

Mg Ms
Koo () et )y - (]

u

et )] (2)

The intrinsic anisotropy (Ky) is given by
Ms Mg
ﬁ-dﬂ]"—(Joﬁ-dﬁ]l, (3)
where ff is the internal field given by
- d; - g, (%)

with Ny being defined as the demagnetization factor. It then follows that
K, = K + (nd - NE) Mg (5)

or

2 .
Ky = Ky *+ 27 Mg {3)

for a thin film with a psrpendicular demagnetization factor of 4n., Natur-
atly N& - o.

With the above definitions X, > 0 implies perpendicular anisotropy.
From Egs. (2), (3) and (6), it can be saen that for a thin-film sample, if
the M (Hy)jcurve lies on or above the Mj(Hy) curve, this implies K, > 0 so
that the easy axis is normal to the film plane, i.e., perpendicular aniso-
tropy exists.

Determination of Interface Anisotropy

Consider a multilayer consisting of a magnetic material (MM) and a
nonmagnetic material (NM). Assume the thickness of the MM is t and the
bilayer thickness is A. If one considers a unit volume of the material
with cross-section & in the plane of the film, the total measured aniso-
tropy associated with the volume AA is

MKy = 2KiA + [Ky + Kgg + Kgel tA, (7
where K; is the interface anisotropy per unit area, KQ is the volume aniso-
tropy of the MM per unit volume, Kgq¢ is the induced volume anisotropy of
the MM due to stress from either the NM or the substrate, and Kde i3 the
demagnetization energy as, for example, in Eq. (6). Often one defines a
total volume anisotropy as

Ky = Ky *+ Kgt (3)
so that for the case of a thin film

A

AK = 2K; + [K, - 2mM2) t. (9)
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Figure 4 shows an exaumple of AK&(t) for a Dy/Co multilayer at room tempera-

ture.

These data, and those for many other systems such as Co/Au, Co/Cu,

Co/Pt, Nd/Fe, etc. can be interpreted in terms of Eq. (9).2 Several points
concerning such interpretations should be made.

(a)

(b)

(c)

(d)

(e)

It is often the case, for t > 10-15 K, that the XK&(t) data do fall

on a straight line with a slope and intercept presumably related to
the second and first terms of Eq. (9), respectively.

For t < 10 ﬁ, there i3 a general tendency for a maximum to be seen

in XKL(t) and an approach to zero as t » 0. This is the region where
the structure exnibits significant disorder and, at least for several
RE/TM multilayers, where the structure is compositionally modulated
amorphous. Thus there are two distinct structural regions (t > 15 R,
crystalline with distinct interfaces; and t < 10 K, highly disordered
or amorphous) and the models used to interpret these structures should
be clearly borne in mind.

In the t ¢ 10 & region Eq. (9) obviously breaks down as a description
of the data. This is reasonable because this region corresponds to
thicknesses less than a few monolayers where, surely, it makes no
sense to consider a well-defined volume anisotropy. Moreover, the
demagnetization energy will be ill defined and, especially if there is
disorder on the scale of several monolayers, Kj also will be poorly
defined.

Regarding the origins of PMA, the existing data often show a positive
intercept of the extrapolation of the straight line. This implies
th?t interface anisotropy favors PMA. Also, generally the slope of
AKy (t) is negative so that often the demagnetization energy term
dominates the K, term, the latter of which can be positive at'times.
This depends on crystalline texture. Since the maximum in AK; {(t)
generally occurs in the range of t = 4-8 ﬂ, this means that it is the
detailed anisotropic distribution of the constituent atoms that must
be considered, rather than an idealized "sharp" boundary at the inter-
face, as the origin of PMA.

Occasionally a formula differing from Egq. (9) is employed for multi-
layers:

Kepr = 2Kg/t + Ky. (10)
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It is useful to correlate the terms in the two expressions as follows.
Eq. (10) gives

tKerr = 2Kg + Kyt (11)

so that Kg, the surface anisotropy, is identified with K;; K, in Egs. (10)
and (11) simply includes the demagnetization energy term of Eg. (9), and
Kepr = (A/¢) K& is an effective anisotropy which associates magnetic energy
only with the magnetic material rather than with an average unit volume of
the film. Given the above discussion about disorder and intermixing in the
t -~ 6 & region it seems preferable to use Eq. (9) as compared to Eq. (10).

Determination of Intrinsic Anisotropy Fields

The concept of an anisotropy field arises in the following way. Con-
sider a single domain particle with no domain walls and assume an aniso-
tropy energy of the form Eq. (1). If the field H makes an angle of « with
respect to the easy axis £, the total energy is

E = K, sin® 6 - HMg cos (x-0). (12)
The equilibrium position of M is given by

SE

56
Now suppose H | € (i.e., o = 90°). Then

=0 = 2Ky sin € cos & - Mg sin (x - 0). (13)

2Ky sin 8 cos § = HMg sin (90 - 0) = HMg cos 8. (1)
Since M = Mg sin 8, (15)
2K, M/Mg = lHMg. (16)

Defining the intrinsic anisotropy field as

Hy = 2K, /Mg an

leads to

M= — Mg (18)

M, ML

lé K0 Mu

film plane —wf 2K, /M, lezHe H

(a)
My Mn
~ [K,0 M.
E—e—
film plane

—i|2K, /M| ==He  H
(b)

Fig. 5 M vs. H for easy axis normal
to plane (a) and in-plane (b).
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Thus M is proportional to H and equals Mg at a field H = Hy. This situa-
tion is shown in Fig. 5, where M, and M, are shown in the cases where A is
parallel or perpendicular to the film plane, and the easy axis is either
perpendicular or parallel to the film plane. Based on this simple mathe-
matics, the knee field (Hy), where the "hard" direction magnetization curve
intersects the "easy" direction curve, is used by various experimenters to
estimate the anisotropy energy in Eq. (17) by means of a measurement of Mg
and Hp. However, the situation actually is more complicated becaus? one
must account for demagnetizing fields and, further, the fact that K, can be
positive or negative. The types of situations that can be encountered are
illustrated In Fig. 6, which shows the magnetization plotted as a function
of the applied field Hz. 1If we define Hk to be the knee field where the
magnetization in the "hardest" direction reaches Mg, then we have, for the
three cases illustrated,

(a) Ky > 0; K > 03 Ky = Ky + 27M2; Hj = 2K /Mg (19)

1

onMg - |KGl; HE = 4avg (20)

(o) Ky > 0; K, < 05 Ky

(c) Ky < 0; K < 05 Ky 2

lxil - 2mmM5; He = 2lkilimg + 4y 21)

In Fig. 6, the cross-hatched area corresponds to the measured anisotropy

ergy, \KL‘. It is clear from Egs. (19)-(<i, that a simple association
of Hy with an intrinsic anisotropy through 2K;/Mg will be incorrect, and
this has been done several times in the literature.

Anothner complicating factor that should be raised is that in general
the M(Hy) curves are not simple straight lines as shown in Fig. 6. They
often exnhibit curvature indicative of more complex forms (higher order) of
anisotropy, and also the presence of a significant coercivity can l=ad to
problems of interpretation.

Ry 77
] Kp2nM2 . M M. (H)
1 K.‘)O Ml Knl
- My(H)
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fim plane °E-ﬁﬂm_‘ Ha h My(H)
(b) H
MII
MsV/' Mo . (b)
{Kul . M,
KL O M K, M. (H)
— ‘ —m) -
film piare PK/Mg+en, |H, Ha ::::;;Eszjj, H
(¢) M, (c)
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Measurement of Anisotropy Near a Compensation Point6

The measurement and interpretation of the anisotropy and coercivity of
RE-TM amorphous alloys and multilayers, in tne vicinity of the compensation
temperature Toopp, leads to some interesting questions. Teemp is defined

. 3> > : s 3
as the temperature at which Mgg = -MrMm so the net magnetization is zero.
Under these circumstances, the coercivity has been found, in many homogene-
ous RE-TM glasses such as Tb-Fe, to diverge. This behavior is explained
crudely as follows: since the torque reguired to rotate the magnetization
is

T“(ﬁ]-ﬁz)xﬁy
an infinite field is required if |M; - 5] » 0.

Measurements of li,, Mg and K, often are plotted as a function of ei-
ther temperature or composition, near Tgopp Or the compensation composi-
tion. Sometimes, but not always, the anisotropy approaches zero at the
compensation point and this has led to confusion because it is thought, in
the heavy RE-TM alloys, that the major source of K, is from the RE subnet-
work, and there is no reason for this to vanish as T ~» Tcomp- This conun-
drum can be explained as follows. Fig. 7 shows schematically the M; and M”
curves for a ferrimagnetic system where 1 represents RE and 2 represents
T™. One expects that

total
Ku = Ky1 + Ky = Ky1 = Kyrg-

However, graphically one sees that the measured anisotropy, the area be-
tween the curves, is given by
>

>
KI°™ = Kyt - Kuz = My - M2l

since the ordinate is proportional to the difference in the subnetwork mag-
netizations. But since |M1 - ﬁgl >0 as T ~ Tcomp' the me=asured value of
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(ngas) will also approach zero and, moreover, will have no simple physical
interpretation.

In several of the RE/TM multilayer systems that have been investigat-
ed, ngaa does not tend towards zero and this phenomenon involves a more
~omplex explanation.

SYSTEMATICS OF PMA IN MULTILAYERS®

In this section we illustrate some systematic aspects of the experi-
mental behavior of the magnetic anisotropy of RE and TM multilayers. For
example, Figs. 8-11 show plots of XK& (or the equivalent) versus the layer
thickness of the magnetic material. Several points should be noted. (1)
As in Fig. U4 for Dy/Co, it is true in each case that for t 2> 10 B,
the data fall on a straight line with a 3lope and intercept interpretable
in terms of the second and first terms of Eq. (9), respectively. (2) For
¢ < 10 R there is a tendency for a maximum to be seen in XKL (t) and an
approach to zero as t » 0. In this region there is a significant disorder
in the structure and, for the RE/TM cases, a structure describable as com-
positionally-modulated amorphous. (3) It is to be emphasized that the
concept of an interface (or surface) anisotropy is a valid concept only as
an intercept of data relevant to the "large" t region where the individual
layers are crystalline and where distinct interfaces exist. In the "small"
L region it no longer makes sense to consider an interface anisotropy K&:
the anisotropic structure as a whole must be accounted for. (4) In Fig. 8
for Au/Co there is an upward shift towards positive AKL (PMA) after anneal-
ing. Thnis was interpreted as resulting from a sharpening of diffuse inter-
faces by heat treating these two immiscible metals. The sharpened inter-
faces lead to an enhanced interface anisotropy Kj. (5) For RE/TM multilay-
ers of Nd/Fe (Fig. 10), K; is approximately independent of Nd thickness.
However, for Dy/Fe (Fig. 11), the slope of the lines varies but the inter-
cept (2Kj) does not. Additional data on Dy/Co show that both the intercept
and slope vary as a function of RE thickness. These data are consistent
with small-angle x-ray diffraction data which show a trend from more sharp
to more diffuse interfaces in the series: Nd/Fe; Dy/Fe; Dy/Co.

A review and tabulation of Kj values in many RE/TM and TM/NM (NM =
nonmagnetic material) multilayers has been given by Sellmyer et gl.S This
tabulation will not be repeated here but we mention only some general fea-
tures to be found in a variety of sputtered, evaporated, and MBE-grown
multilayers. Ni multilayers with Mo and Cu tend to have negative K; val-
ues, while Co multilayers with Pd, Au, Pt, and Cu have positive K; values.
RE/TM multilayers such as Nd/Fe, Dy/Fe, Dy/Co, Tb/Fe, and Tb/Co have

L T T T L T T
04 — 4\ !
.- + x&Fes7ANd
02 RN o XAFe/14ANd < 2t \\ 4
<« - « xAFe/28ANd §o N\
S 3 . 1 o
g e H .
% 0 2 xAFe/5A0y
x [ \{ <-4 skrwshoy N
-02f J -6} xAresrehoy
" 1 P B 1 1 ] 1 1 P S i i 1
0 5 10 15 020 0O 10 20 30 40 50 60 70
THICKNESS OF Fe (A) LAYER THICKNESS OF Fe (&)
Fig. 10 AK, us. tpe for Fe/Nd. Fig. 11 Ky vs. tpe for Fe/Dy.

159




positive Kj values, while Er and Gd multilayers with Fe and Co have nearly
vanishing values of Kj. Another point following from the data is that
multilayers of the same two waterials, but prepared by different methods,
can have significantly different Kj values., This, again, suggests a strong
sensitivity to the exact anisotropic atomic correlations.

We discuss in the following section some theoretical concepts relevant
to understanding magnetic anisotropy in general. Following this we outline
our recently developed model for understanding PMA in RE/TM systems in
particular.

THEQRETICAL CONCEPTS OF MAGNETIC ANISOTROPY3
Magnetic anisotropy arises from dipole-dipole and spin-orbit interac-
tions and in the following we outline some of the important concepts for

general structures first, and then for multilayers.

Dipole-Dipole Interactions

The long-range interaction energy between the dipoles ﬁi and 5j sepa-
rated by a distance Fij is

. 2
wij = Riemy - 3 gty (hyefig)/egy (26)

rij
The total energy from tnis term is

E =

d-d 'me . ﬁi ’ 27)
i

N -

where ﬁi i§ the local field at site i which does not include any contribu-
tion from m;. The anisotropy energy due to dipole-dipole interaction is
then determined from Eq. (27) as the dipoles are aligned in various direc-
tions in the sample. The local field is calculated by Lorentz's method as
discussed elsewhere, and a macroscopic field # can be calculated.

For a thin-film magnetic sample of very large in-plane dimensions,
there is a depolarization field of -Ua¥ normal to the plane of the sample.
This gives rise to a dipolar energy of 27M2 which favors the in-plane
direction of & over the perpendicular direction.

The above procedure for the dipole-dipole energy breaks down for
very thin films or multilayers because the macroscopic theory fails. Under
these circumstances, the discrete sums in Eq. (26) must be performed to de-
termine this energy.

Spin-Orbit Interaction

The spin-orbit interaction is given by the one-particle operator

« o [F(P) x g1, (28)

ro| =

HSO

where «, a, F and 5 represent the fine-structure constant, the electron
spin, electric field, and momentum operators, respectively. Many years
480, Van Vleck approximated the spin-orbit energy by a short-range pseudo-
dipolar term having the form of Eq. (26) except that ;ij was replaced by
sonme function F(rij). Néel extended this procedure to study the surface
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and interface contributions to the anisotropy energy. Recently, band the-
ory has been used to calculate the anisotropy energy for crystalline mate-
rials. Normally self-consistent spin-polarized band structure calculations
are performed without spin-orbit interactions. The resulting wave func-
tions are used to calculate matrix elements of the total Hamiltonian in-
cluding Hgy, and the total Hamiltonian is diagonalized in a large number of
points in the Brillouin zone. The anisotropy energy is obtained by per-
forming this calculation for different directions of the magnetization, and
then taking the difference. Very recent calculations for the ferromagnetic
elements Fe, Co and Ni have shown that the resulting energy differences are
extremely small, and that the results are only marginally reliable.

In some cases the above fundamental approach is not appropriate. Par-
ticularly when the main focus is the effect of anisotropy on the character
of phase transitions, the generation of a model Hamiltonian is useful. Two
areas of importance are those relevant to transition-metal ions and rare
earths, which are discussed briefly below.

In the transition-metal case, the orbital angular momentum can be
regarded to be quenched. Then, by second-order perturbation theory the
spin-orbit Hamiltonian AD-3 gives for the anisotropy energy of an ion

By = D (385 - s(s+ 1)1, (29)

where D is the anisotropy constant. For the rare earths, the f electrons
are localized so their orbital angular momentum is not quenched in a solid.
Here, J is a good quantum number and one is interested in the ground state
with J, = iJI in the crystal potential, as determined by first-order per-
turbation theory, for different directions of z. Keeping only the largest
term in the crystal potential energy leads to the energy of the ith ion as

2> A3 (35 - 4J (3 + D] (30)

2

Ej = aj <{r

> A8 J2, I > 1, (31

= 2dj <r
where aj is the Stevens factor, <re> is the quantum mechanical average of
the square of the radius of the 4f orbit, and Ag is a crystal-field term
given by
o _ - . 2 4. . 5
A = 7 aj 3cos® 35 -1, (32)
J 3
"

where 4 is the charge on the jth ion at a distance Fj and aj is the angle
between r; and the 2 direction. Of course, knowing or estimating the qj
values for a complex crystal is very difficult and even the signs of aj
often are controversial. Also Eq. (32) ignores the effects of the crystal
field on the charge distribution of the ith ion itself. This again illus-
trates the difficulty of first principles calculations of anisotropy ener-
gies.

Equations (29) and (31) give simple expressions for energies referred
to as single-ion anisotropy. We shall use Egs. (31) and (32), especially,
in the following to determine structural effects on anisotropy in magnetic
multilayers. Before doing this, however, it is useful to mention several
results and calculations relevant to magnetic anisotropy in thin films and
multilayers.

It should be noted that in Eq. (9), the terms Kj (or Kg), Ky, and
Edemag = ZnMg all will become undefined if the thickness of the magnetic
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layers becomes less than several monolayers. In these circumstances one
must simply calculate the magnetic anisotropy, for the given structure, as
a difference in total energy for the magnetization in the two relevant
directiznc. For e¢xample, Draaisma and de Jonge found that the dipole-
dipole energy deviates from the macroscopic value of 27M2 for thicknesses
less than about 12 . Further considerations of magnetic anisotropy in
tnin film systems with domains and with surface roughness have been given
by Sura and Bruno, respectively. Finally, we should mention the calcula-
tions of Gay and Richter on thin layers of Fe, Ni and V. These workers
found that the easy magnetization direction, for idealized monolayers, was
perpendicular to the plane for Fe and V, but in plane for Ni. There is
not, however, a direct correspondence between these quantitative results
and real physical systems.

PMA IN AMORPHOUS RE/TM MULTILAYERS3

Recently we have devoted considerable effort to understanding the
PMA of amorphous RE/TM multilayers in terms of the anisotropic pair corre-
lations. Figure 12 shows data for the intrinsic anisotropy Ky as a func-
tion of the TM layer thickness, all data being taken at 300 K. One of the
main problems in developing a model is to determine the importance of di-
pole-dipole versus single-ion contributions to Ky. Phenomenologically, one
may write

Ky =  Dgn Xp Xm <Jp> <Jp> + § Dy Xq <J2> , (33)

where X, is the concentration of the nth type of atom and the first and
second terms are due to dipole-dipole and single-ion interactions, respec-
tively. Tnis can be transformed into

K o= £, M 2 2
Ky = £1 Mgg * f5 Mpy * f3 Mgz Mpy * 8 MRg » (34)

where f; and g are complicated functions of structure. Fitting K, data as
a function of thickness, and including a structural model, can be done but
it is very difficult to obtain meaningful results. However, from Fig. 12

it is obvious that, except for RE = Gd, single-ion anisotropy must be the

dominant origin of PMA. This follows since there are no spin-orbit
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interactions in the S-state ion Ga3*. The K, values for the RE ions with
orbital angular momentum is about one order of magnitude larger than for
Gd. Thus a model incorporating single-ion anisotropy Eq. (31) and a sinu-
soidal compositional modulation (relevant to the RE/TM systems considered)
has been developed. In the following we outline the model and analysis for
a series of Dy/Co multilayers.

The magnetization and anisotropy data are analyzed by means of
models adapted to the CMF microstructure. First, a mean-field model is
fitted to experimental data on homogeneous a-DyCo alloys to obtain the sub-
network magnetizations M, and My, as a function of composition. The result
of this is shown in Fig. 13. Then the amorphous CMF with sinusoidal compo-
sitional modulation is modeled by

1g(t) = ngo + (A/2) cos (2wz/1), (35)

where n¢{np) is defined to be the atomic fraction of the TM(RE). For sim-
plicity in this development we assume equal RE and TM nominal layer thick-
nesses. nNyg is a constant and A is the peak-to-peak compositional modula-
tion of the TM. The CMF is then divided into thin slices parallel to the
interfaces with the z axis normal to them. Each slice is regarded as a
two~-dimensional amorphous RE-TM alloy. The CMF magnetization then can be
written as an average over the slices:

1
M = Y ; ‘:Mt (Wt(Zi)] - M [”r (Zl))] bz, (36)

The parameters nyo and A are determined by fitting the calculated magneti-
zation to experimental data. As an example the calculated results for
68Dy/thCo samples are shown in Fig. 14. It is seen that the calculated and
experimental magnetization data agree very well. The average magnetization
of Co and Dy subnetworks are also drawn in this figure. Figure 14 also
shows the Co-layer-thickness dependence of the Co-atomic fraction modula-
tion, A. The A value is only about 0.1 for the thinnest Co layer thickness
of 3.5 R and its value increases as the Co layer becomes tnicker. This
feature is understandable in terms of a larger mixing effect for the thin-
ner-layer samples, which results from some combination of diffusion and
roughness introduced at interfaces during fabrication. An example of the
subnetwork and total magnetizations as a function of t is shown in Fig. 15.
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For this CMF, GKDy/G KCo, it can be seen that all of the magnetizations
oscillate in magnitude, and the total magnetization changes sign.

The evaluation of the anisotropy for an amorphous CMF is done on the
basis of Eqs. (31) and (32). For a compositionally modulated amorphous
structure, the sum over j in Eq. (32) is replaced with an integral weighted
with an anisotropic pair distribution function

Pij = nj(2) Ryj(r) [1 + 35 cos 65 * ..... 1, (37)

where nj(z) is the atomic fraction of the j'M neighboring atom, Rjj(r) is
the isotropic part of the distribution and 3; is the lowest order aniso-
tropic contribution. The anisotropy in the pair distribution function can
arise from the composition modulation of multilayers and strains at the
various interfaces.

The stress in a magnetic material gives rise to magnetoelastic aniso-
tropy energy due to inverse magnetostriction (magnetostriction is the
strain % = AL/2 in the direction of magnetization). This contribution is
given by

3 L 2
Epe = 2 Xg 0 sin <9, (38)

N

where g is the saturation magnetostriction, ¢ is the stress, and 2 is the
angle between Mg and ¢ (¢ is negative for compressive stress). Knowing g
and o one can find the contribution of this term to the anisotropy energy.
If one assumes a magnetostriction of A = 2 x 1074 and a stress of ¢ = 1010
dynes/cn?, then one can obtain

K. = Ag -~ 3 X 106 erg/cm3,

u

™ fw

which is the right order of magnitude. However, in the case of multilayers
congisting of a magnetic metal (MM) with a nonmagnetic metal (NM), one must
envision a situation in which the NM exerts a stress on the MM - thus caus-
ing a PMA as calculated above. But in the case of amorphous CMF the struc-
ture is not neatly separable into MM/NM layers with sharp interfaces.
Rather one has a continuously varying composition as synthesized. Tnis
suggests that stress would play a minor role.
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In addition, Van Dover et 31.9 considered carefully magnetorestric-
tive effects in a-TbFe glasses and found that the sign of K, did not corre-
late with the sign of the stress. Finally, Awano et 21.10 found for Co/TM
(TM = Cu, Ag, Au and Pd) and Fe/Cu CMF that the calculated stress-induced
anisotropies are about 10 to 100 times smaller than the measured PMA. All
of these results indicate that stress plus inverse magnetostriction does
not play a major role in the PMA of the RE/TM multilayers. To the extent
that magnetorestrictive effects do play a role, it seems to be as a rela-
tively small perturbation on the anisotropic structure and local environ-
ments, as already determined by the fabrication procedures.

The lowest order ~ontribution to the crystal field term Ag comes from
the first-order term in the expansion of n from Eq. (3%) about the rare-
earth ion and it is proportional to A/i. Also the first-order term in n
has the maximum value at the interface and the charges gj are expected to
be most significant in the interface region. Thus, as expected, most of
the anisotropy comes from the interface region. Combining the results for
AS with E; in Eq. (31), the anisotropy energy K, for a CMF can be written
as

2
<Mgg> » (39)

> |

where ¢ is a constant and <M§E> is the average of the square of the satura-
tion magnetization of the rare-earth subnetwork in the easy direction. With
£ as an adjustable parameter, Eq. (39) is fitted to the K, data for 6Rpy~
/tkco samples and the results are shown in Fig. 16. 1In view of the sin-
gle parameter, the agreement between the experimental data and calculated
results is remarkable. The fitted value of £ = 5.26 x 1076 cm leads to an
average value of the single-ion anisotropy parameter D = 2 X 10717 erg,
which is reasonable in terms of the typical value of the single-ion random-
anisotropy parameter in amorphous RE-TM alloys. Finally, this model gives
similar fits for other RE/TM CMF which are published elsewhere.

In concluding this discussion we have seen that when the thickness
of the magnetic layer becomes smaller than several atomic diameters, sig-
nificant disorder sets in for both the TM/NM and RE/TM multilayers. The
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compositional modulation is lost in the limit t » 0, where a homogeneous,
isotropic film results. We have developed a model, relevant to RE/TM mul~-
tilayers with significant single-ion anisotropy. Based on the similarity
of the data of these multilayers and Co/Au and Co/Pt multilayers, this
model is likely to be valid for such disordered multilayers as well.

MAGNETO-OPTIC PROPERTIES OF RE/TM CMFY

We have seen in the above sections that it is possible to understand
and thus to control the magnetic anisotropy of RE/TM CMF. Since the pres-
ence of PMA in thin films is essential for erasable magnetic-optic data-
storage applications, it is of interest to consider the extent to which
magneto~optic (MO) phenomena can be understood and, possibly, optimized in
RE/TM CMF. In the long history of the study of MO properties of materials
it has been found that a quantitative understanding has been very diffi-
cult to achieve. Empirically, several classes of MO materials can be iden-
tified. These include: (1) RE and actinide intermetallic compounds with
Kerr rotation (8y) values of about 10-15 deg, (2) TM intermetallics such as
MnBi and PtMnSb for which o - 1-2 deg, (3) Amorphous RE-TM alloys such as
a-TbppCogg, a-NdpgCogp, and a-(Gd,Tb)y5({Fe,Co)yg for which 6 ~ 0.2 - 0.4
deg. The latter class is the one now being used in first-generation MO
storage devices and systems. Studies of RE/TM CMF are in their early
stages but several systems including Dy/Co and Dy/Fe have been investiga-
ted. In the remainder of the section we briefly describe the results ob-
tained thus far.

For several reasons there is little fundamental understanding of the
magnitudes of the MO properties of materials. But the theory does indicate
a number of criteria which must be satisfied to obtain large MO Kerr
effects (MOKE) and other appropriate properties. These include:

(a) A large concentration of a 3d transition element (e.g., Mn, Fe, Co) so
that large exchange interactions and a high Curie temperature will
result.

(b) Heavy elements with large spin-orbit interactions should be present
since the off-diagonal dielectric tensor element, £xys scales with the
spin-orbit interactionm.

(¢) There should be a large joint-density-of-states at the appropriate
photon energy (e.g., 830 nm) so as to give significant optical transi-
tions.

(d) The dipole selection rule AL = 21 suggests that there should be a
significant mixture of orbital angular momenta in the valence states
so that dp or fd transitions are likely.

(e} For a bulk or thin-film MO material one needs an appropriate aniso-
tropy in the structure so that uniaxial anisotropy of the required
strength can be achieved.

(f) Finally, there are additional constraints such as thermal and crtemical
stability, appropriate coercivity, etc.

With all these conditions it is not surprising that nature has resisted the

easy design of outstanding MO materials.

In addition to the above general principles, in recent years sev-
eral groups have been studying "new" mechanisms to enhance the magnitude of
the MOKE observed in a single MO material, or a MO/NM bilayer film, or in
MO/NM multilayers. Feil and Haas showed that a resonance-shaped MOKE spec-
tra can be produced by a plasma resonance of free carriers in a magnetic
material,'! and a similar effect and explanation was advanced for Fe/Cu
bilayers by Katayama et al.’2 Reim and Weller!3 presented data and similar
arguments for TbFeCo/Cu and GdTbFeCo/Ag bilayers, and also showed that if
the NM "reflecting" substrate has a low value of the complex refractive
index, an enhancement of &, can result.
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Recent work in our laboratories has been concerned with experimental
MOKE studies of several RE/TM systems and theoretical treatment of the Kerr
effect in two-medium layered systems. In the following we discuss briefly
some of the results of Chen et al.'¥ and then conclude this section with a
summary of the major results on this class of materials. Chen et 35.1“
considered two geometries: (1) a system of two thick media with a single
interface (denoted as NM/MO where NM represents the nonmagnetic medium from
which the light impinges at the interface on the ferromagnetic MO medium,
and (2) layered systems with one thin medium on top and a thick one on the
bottom. This is denoted as either [MO/NM] or [NM/MO]. The former would
correspond, for example, to a MO medium with a metallic underlayer such as
Ag, and the latter to an antireflection dielectric coating such as 5105 on
top and a thick MO medium on the bottom,

For the NM/MO) case, it was shown that the complex Kerr function ¢ is

1/2
b = 1 Cmxy (Co/igl , (40)
€m T €o

where oy and =, correspond to diagonal components of the MO and NM media,
respectively, and £mxy is the off diagonal component for the MO medium.
Thus, for this configuration the MOKE is controlled by four physical quan-
tities: (1) eypy which has its origins in intraband and interband transi-
tions in the MO medium, (2) sm_1/2which has features similar to the
energy-1oss function at the plasma edge, (3) the optical matching term

(em = €0)7) which will lead to maxima when eg = o, and (4) 58/2 or ng, the
index of the NM medium. Thus a small &5, corresponding to a plasmon (zp is
small and ¢4 = 0) of the NM medium, will not contribute to the enhancement
of the Kerr effect unless it matches cp. It should be noted that if the NM
medium is air, then ¢5 = 1 and Eq. (40) reverts to that used by other
authors.

An example of the effect of thickness variation of Dy7ﬁ/C053 CMF
which is deposited on a thick Ag underlayer is shown in Fig. 17. A large
resonance-like peak is seen at about 3.6 eV for 108 R CMF thickness. Figure
18 shows the Kerr rotation, for the same samples, calculated by McGahan et
21.15 It is seen that there is rather good agreement between the experimen-
tal and calculated curves, and thus the optical constants of the system, as
influenced by the plasma edge of Ag, strongly affect the energy dependence
of the MOKE. A second example of the spectral and thickness dependence of
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8 for a Si0,/(Dy/Co)}/Si0y/Ag layered system is shown in Fig. 19. Here the
310, layers are 1700 f thick and the Dy7K/C05K layers are of variable
thickness. A sharp resonance-enhanced 0y value is seen in Fig. 19. 1% Hou-
ever, a contour plot of the signal-to-noise figure of merit,

SNR FOM = 100 R'/2 sin 24,

shows that large enhancements of 8y by optically induced effects are not an
unalloyed benefit. The maxima in the SNR FOM appear elsewher2 in phase
space because the reflectivity tends toward zero where 8y gets large. Fur-
ther experiments with dielectric overlayers have been performed and these
also have led to large 9, ennancements and spectral structure. One exam-
ple, of Dy/Co coated with Si0, is shown in Fig. 20. It is seen that &y
changes from about 0.2 deg to 2.0 deg at 2.0 eV, and that the calculated
result based on an Si0 thickness of about 2020 & gives excellent agreement
Wwith experiment.

SUMMARY AND CONCLUSIONS

In this paper we have reviewed methods of measuring the intrinsic
uniaxial anisotropy of thin films. We have presented some systematics on
the occurrence of perpendicular anisotropy in rare-earth and transition-
metal multilayers and have indicated that the detailed anisotropic pair
correlations, which become significant at interfaces when the layer thick-
nesses approach several monolayers, lead to PMA. It is seen that concepts
such as surface or interface anisotropies must be used very carefully, and
that ideas such as RE-TM "pairs" as the origin of PMA are oversimplified.
Aside from Gd, it was shown that single-ion anisotropy of RE ions, and
probably TM ions as well, was the fundamental source of PMA in CMF.

Concerning the MO properties of RE/TM CMF, it has been shown that the
magnitude of the Kerr rotation is similar to that of the TM component, viz.
0.2-0.U4 deg. Significant enhancements of the MO effects are possible by
the use of metallic underlayers and antireflection overlayers with special
optical properties, especially if they are well matched to those of the
magnetic material. A theoretical understanding of the properties, in a
phenomenological sense, has been achieved, given the MO properties of the
constituent layers.
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A significant challenge for the future is the design and growth of
still more complex multilayer structures, with the required magnetic aniso-
tropy and other properties, but with larger intrinsic MO effects. Such
magnetic multilayers may have a great deal of potential for new data-stor-
age or semihard thin-film magnetic device applications.
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FMR STUDIES OF METALLIC MAGNETIC THIN FILMS

IN LAYERED STRUCTURES

Hervé Hurdequint

Laboratoire de Physique des Solides
Université Paris—Sud
Orsay, France

INTRODUCTION

We will present and discuss, in this paper, results of FMR studies
performed on metallic magnetic thin films. Specifically, the thin films
studied correspond to metallic systems where a metallic ferromagnetic layer
is in contact with a paramagnetic normal metal in a layered structure sam-
ple geometry. Such a layered structure geometry is well appropriate, with
respect to the magnetic properties studied, for the investigation of various
physical phenomena occuring ut different length scales. Different physical
questions have been addressed in our FMR studies and they will be successi-
vely discussed in the present report according to the following classifica-
tion where the physical phenomena studied are ranked in increasing order of
complexity: (i) in ultrathin layers of the magnetic material interface ef-
fects are expected to be revealed, in particular, in the magnetic anisotro-
py. One of the goals of our experimental investigation is thus to extract
an information on the specific Znterfoce—-indiced magnetic anisotropy, cha-
racteristic of the interface studied. This is achieved by studying single
magnetic layers, either "ultrathin" or "thick'". (ii)we are also concerned
more generally in such layered structure metallic systems with a systematic
study of the magnetic interfacial coupling (magnetic proximity effects) bet~
ween a thin metallic ferromagnetic film and a normal metal.(iii)finally we
raise the problem of the nature of <nter-magnetic layer coupling in metallic
magnetic multilayer structures.

In the following we will present (in a condensed and summarized form)
and discuss FMR results obtained on magnetic films constituted of (Ag/single
Fe layer or Fe multilayer/Ag) sandwiches where, for this (Ag/Fe) system,the
ensemble of the phenomena mentioned above has been studied in parallel and
is reported, in more detail, in our previous publications (see, respectively,
the references 1,2,3).

SAMPLE CHARACTERISTICS

The whole series of films whose FMR results will be reported correspond
to(Ag/magnetic laver/Ag) sandwiches with a base Ag layer 550 A thick and a
top Ag layer 275 A thick for a Fe single layer or 550 A thick for a Fe mul-
tilayer]. The films are deposited by sputtering on heated mica substrates.
The Ag base layer is deposited on a freshly cleaved mica substrate at a
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temperature T V150°C, then annealed in situ in vacuum (v1070Torr) for 1/2
hour at the same temperature. The whole metallic layered stack (Fe and Ag
layers) is deposited subsequently at the same temperature Tg. The condi-
tions of deposition used enable to get a highly textured polycrystalline Ag
base layer with a preferred (111) orientation perpendicular to the film,
characterized by a large lateral size (v2000 A) of the crystallites and a
spread of heights of these crystallites as determined through Scanning Tun-
nelirg Microscopy (STM) measurements'. The individual thickness of the thin
layers of Fe and Ag given in the following corresponds merely to a conver-
sion of their actual time of deposition (only parameter monitored in the
sputtering process) according to the following, previougly determined on
thick films, deposition rates: 48 X/min for Fe and 210 A/min for Ag. A more
detaile”? information on the characteristics of the samples studied is given
in re:.i and 3.

FMR RESULTS AND ANALYSIS

FMR Studies of Single Fe Layers

Reflection FMR measurements are performed at X band. The basic FMR ex-
periment carried out consists in studying the resonance spectrum as a func-
tion of the orientation [angle 0 =(ﬁ, ﬁ) with respect to the film normal i?]
of the applied dc field H in a p?ane perpendicular to the film (see the in-
sert of Fig.2 for a sketch of the experimental configuration). A standard
field-modulation being used, the detected signal corresponds to the field
derivative of the absorbed micro wave power, This leads for the observed’
resonance lines to nearly antisymmetrical lines with an A/B ratio (of the
amplitudes of the lobes above and below the baseline) close to but different
from 1, which varies in a systematic fashion with the orientation GH.

Ultrathin Fe single layers. A series of ultyathin single Fe layers,
with thickness t taking the set of values [24 A; 36 A; 48 A; 80 &]has been
studied . As expected theoretically", in these ultrathin Fe layers ("ultra-
thin" defined by tp, < a characteristic exchange length kg™" precised later)
a untque resonance line is observed. We mention first that, for the whole
series of ultrathin Fe single layers studied, the value of the A/B ratio in,
parallel geometry is found less than 1 (in the range [0.7; 1], corresponding
? to a positive "signal phase". This characteristic resonance line feature
is commented upun in ref.3. The data to be discussed in the following con-
cern, primarily, the ficld for resonance HI®S which is derived from the
field Hy(intersection with the baseline) and peak-to-peak linewidth AH
after a correction’ relevant to the observed A/B value. Fig.l of ref.1PP
displays the angular variation of the field for resonance HIes(fy)observed
for two characteristic ultrathin Fe layers. For the (Fe 48 b)) sample, the
HT€S (9y)curve reflects the dominant contribution of the demagnetizing
field effect (shape anisotropy) where the line cannot be observed within a
few degrees around the perpendicular geometry (as our available dc field
i= limited to 11 kOe). By contrast, for the (Fe 24 A) sample the resonance
1. now seen in perpendicular geometry (8y = O) with HY®S y 8,92 kOe, which
reveals the presence of a strong uniaxial perpendicular anisotropy(ﬁ‘easy
axis) that substantially counteracts the demagnetizing field effect.

Theoretical analysis. We consider the energy density described by:

E o= - S.H ¢ 2 MPcos 8- K cos?0- (AM/M?).V2M (1)

where M is the saturated magnetization whose orientation is given by 0=(§,§).
The first term represents the Zeeman energy, the second the demagnetization,
the fourth one the non uniform exchange energy. The third term describes an
anisotropy energy: Ean=- K cos?, taken in the form of a uniaxial perpendi-
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cular aniseatropy (N easy axis for K>0), with Hy = 2K/M the corresponding
anisotropy field, whose effective value of the constant K will depend on the
interface-induced anisotropy, stress-induced and volume magneto-crystalline
anisotropy of the magnetic layer. The static equilibrium orientation 8 of
the magnetization is thus! given by the following magnetostatics equat?on:

H sin (60 —GH) = (4™ - HA) cose0 sineo (2)

From the Landau-Lifschitz equation of motion of the magnetization, the reso-
nance condition for the uniform mode, as a function of the orientation 8
is derived:

(w/y)%= [H cos(8 -0 - (AWM-HA)COSZGOJ [ cos (8 ~0,) - (4m-H,) cos28 1 (3)

where Yy is the gyromagnetic ratio of the precessing moments (g=2.09 for Fe)
and 6 1is given by eq.(2) at H = HY®S, For each ultrathin Fe layer, the ob-
served HT®S (B ) is compared with the theoretically expected one (as deri-
ved from eqs.2 and 3) in terms of the wnique fitting parameter (4TM- Hpd .

get, in each case, an overall reasonably good fit of the experimental varia-
tion except from systematic deviations (up to 0.1 kOe) towards the parallel
geometry. Thus, for each ultrathin Fe layer sample, the best fit value of
the parameter (47M-H,) is determined and, assuming for the magnetization the
bulk Fe value (47M ="21.55 kOe), the value of the anisotropy field HA is de-
duced. Results are displayed in Fig.l where H is plotted versus the inver-
se Fe layer thickness. As discussed by Rado*®? one may analyse the effective
anisotropy constant K of such "ultrathin” Fe layers in terms of the sum of

a volume contribution K and an interface-induced one (constant K¢ and
symmetric interfaces in our case) inversely proportional to the magnetic la-
yer thickness, according to:

K=K .+ (l/tFe) 2 K (4)

In summary, the principal result of this FMR study of ultrathin single Fe
layers sandwiched by Ag is that the anlsotropy induced at the (Ag/Fe)inter-
face is essentially i perpenii =wiur witarial anisotrepy (i euscy axris), cha-
racterized by an effective constant K 1,45 erg/cm2 at room temperature
whose value is deduced from the slope of the observed linear variation of

HA with (l/tFe).

80 48 % (R
201 n T 4
7
e
3 15h & -
> s
RIS e -
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0 @2 06 06
1, 1107 A7)
Fiu.o 1. Anisotropy field H plotted versus the inverse of the
Fe laver thickness' .
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Thick Fe single layers. A ser1es of thlck Fe layers, with thlckness
tp. taking the set of values [432 A; 648 A; 864 A] has been studied'. By
contrast to the ultrathin layer case, the resonance spectrum of the thick Fe
layer samples shows the presence, besides Llic principal uniform mode, of a
higher field mode in a large angular range. This line is much less intense
and dephased (essentially a B lobe is observed) as compared to the principal
one. We identify this higher field mode to a non propagating{propagation
wave vector purely imaginary: k = ikg) surface-exchange mode, as described
theoretically by Puszkarski, whose energy is lower than the one of the uni-
form resonance mode. Fig.2 displays the observed angular variation of the
field position of these two modes for the (Fe 864 A)sample Using the dis-
persion relation !'»7 for non uniform modes (v elwt e‘lkz) derived from the
energy density described in eq.l, and looking for a surface mode solution
(k = ikg) we may analyse the observed field splitting (H res_ gy res) of the
surface mode with respect to the uniform mode. For examp?e at 8y = 70 deg
where this field splitting is found equal to 0.66 kOe, using
(Hres Hres)N(ZA/M)kz, we deduce the characteristic penetration depth k 1%19OA
of°this’surface modé. The constraint imposed on the allowed’wave vectot ke,
through the boundary conditions, would lead for this "thick'" Fe layer
[th(k t)¥1] and symmetric interfaces to k_= p, i.e reflecting directly the
pinning parameter p of the microwave magnetization, characteristic of the
(Ag/Fe)interface considered. If p were to be described solely in terms of an
interface-induced anisotropy (coustant K ) we would get [for 8 =70 deg where
pN(KS/A), with A the exchange stiffness constant] K 21.05 erg/cm?, roughly
consistent with the value of K determined from the FMR study of the ultra
thin single Fe layers.
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Magnetic interfacial coupling. We have studied®a set of twc sampics
corresponding to a thick (648 A) Fe single layer sandwiched by Ag deposited
(same sputtering run) on a mica substrate and on a very gure polycrystalline
silver foil (25um thick), these two samples being called“the mica sample
and the silver sample. At rcom temperature, the FMR reflection experiments
performed at X band and at E band (v 79 GHz) indicate that the observed Hres
of the principal uniform mode, in these two samples, can be reasonably well
accounted for in terms of a uniaxial perpendicular magnetic anisotropy where
Hp is found greater on the silver sample than on the mica sample. At low
tempepatures more complex phenomenazare observed: below typically Tv150 K,
Hres monotically shifts to lower field and a concomitant linewidth increase
is observed for both samples. These phenomzna are interpreted2in terms of
the dissipative part of the magnetic interfacial coupling at the (Fe/Ag)in-
terface which is to be associated®s® with the diffusion of the microwave
induced magnetization of the conduction electrons from one metal to the
other.

FMR Studies of Fe bilayers

The following set of samples has been studied®: i) an ultrathin single
Fe layer, with t = 36 A, which serves as our control sample. ii) a series
of Fe bilayers (" Fel/Ag/Fe2) with t(Fel) = t(Fe2) = 36 K, in which we have
varied the Ag spacer thickness (abbreviated by t_ below) in_a large range,
according to the following set of values [70 A; 138 Z; 275 A; 550 &, 1100 A].
Our FMR results obtained for the whole series of Fe bilayers may be
summarized as follows. All the characteristics (lineshape, A/B ratio, HT®®,
AHP Jof the resonance line observed in the Fe bilayers, and the angular va-
riagion of these characteristics, are to some degree modificd wiin vesrecs
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.
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Fig. 3. Variation with the dc field orientation (angle 8y)of the
field for resonance H'®® observed in the single Fe layer
control sample and in two different Fe bilayer samples
(ts=70 A and tg = 550 ).
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r~ the corresponding ones of the singie Fe layer control sample.The stron-
gest modlflcatlons occur for the thinnest Ag spacer thickness(t =70

t =138 A) and the amplitude of these effects decays monotically wlth increa-
51ng tg. A detailed account of these results is given in ref.3, where the
observed (A/B) value and corresponding '"signal prase’ are in particular dis-
cussed. Fig.3 displays the observed angular variation of i/ fileid for reso—
narice [HT®S (By) 1for three samples (single Fe layer and two characteristic bi-
layers). For the (tg= 70 %) sample HFes ig substantxally higher in field
towards the parallel geometry whereas the resonance is now seen in perpendi-
cular geometry where it occurs at low field. It is to be mentioned also that
the HreS(GH) curve of the single Fe layer is well recovered for the largest
tg (1100 A)bllayer sample. Effects on the linewidt/ are also observed.AH,

in parallel geometry, shows®a substantial increase (with respect to the Fe
single layer AH__=100 Oe) for the low values of tg and a 'recovery” for the
two largest Ag s values. Effects on the resonance sigia! Zntensity is also
evidenced where it is found?®, in parallel geometry, that the normalized in-
tensity (S/S ) increases monotlcally (in the Jrange [1; 2Vas t  1s increased
to reach a va?ue v 2 for the largest t (1100 A) sample (S is the single
Fe layer intensity). ref

It is concluded®from the ensemble of FMR results obtained for the Fe
bilayer series that they provide evidence for the presence :f a dynomi:
coupling between the precessing magnetizations of the two Fe layers. We sug-
gest the following mechanism to be responsible for these dynwmic coupling
2ffects.It is to be associated with the effects of the diffusion(or more ge-
nerally transport) of the ncn—equiiibriuwm microwave-induced transverse ma-—
gnetization of the conduction electrons present in each metal(the two Fe la-
yvers and the normal Ag metal spacer). From the thermodynamically required s
continuity of the magnetization current of the conduction electrons at each
(Fe/Ag) interface, one may realize that the precessing magnetizations of
the 2 Fe layers "see" each other provided that the phase memory of the con-
duction electron magnetization is not lost through the Ag spacer. For this
to be the case, the Ag spacer thickness has to be less than the spin diffu-
sion length & . A rough estimation® of 6 , at room te mperature , in our
Ag layers wou?g lead to a value typically $ntthe range [500 A 1000 A] which
would be consistent with the characteristic decay length of the coupling
effects experimentally evidenced in the Te bilayers. Further experimental
investigationsare now in progress to test the relevance of the proposed dy-
namic coupling mechanism and an explicit theoretical description is being
elaborated.
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COMPOSITIONALLY MODULATED MAGNETIC MULTILAYERS:

TEMPERATURE- AND MODULATION-DEPENDENT PROPERTIES

N.K. Flevarisl, P. Poulopoulos!, R. Krishnan? and M. Porte?

1Dept. ol Physics
Aristotle Univ. of Thessaloniki
54006, Thessaloniki - Greece

¢Laboratoire de Magnetisme
CNRS-92195 Meudon - France

INTRODUCTION

Property modifications or enhancements observed for metallic multi-
layers initiated a growing interest for both fundamental questions and
technological applications. Several such systems have been prepared and
studied by difterent or complementary techniques with interesting results
which, however. often exhibit considerable differences and occasionally
are contradicting!.2. Only with recent advancemenls in controlled growth
techniques as well as in secondary structural characterizations it has be-
come possible for works of different groups to be comparable.

In this contribution we will report very briefly on recent results
via different techniques t{or magnetic. magnetooptical and oplical
properties of magnetic multilayered systems which have been extensively
investigated with respect to their structural characteristics and growth
mechanisms: there will be shown results suggesting both enhancement and
(modulation—dependent) modification of properties.

EXPERIMENTAL

The multilayers were grown onto heated mica substrates by the alter-
nate depoesition of the two constituent fluxes via e-gun evaporationZ. The
structural characterization involved x-ray diffraction2 and electron
microscopy techniques3-5 such as RHEED, planar (TEM) and cross-sectional
(XTEM) transmission and SEM. Magnetic studies (by VSM and torque mag-
netometry) and Kerr-effect magnetooptical studies were also performed.

RESULTS and DISCUSSION

The magnetic studiest.e-% of the most extensively studied multi-
layered system (Cu-Ni) had concluded that the initial report!9 on enhanced
moments in a Cu-Ni multilayer was false: it was based on erroneous inter-
pretations of ferromagnetic rcsonance lines. However, considerable dit-
forences can be found among these works which, at least to some extent,

Science and Technology of Nanostructured Magnetic Materials 177
Edited by G C Hadjipanayis and G.A. Prinz, Plenum Press, New York, 1991




=3k
;600 Cugg~Nizg { ’
L) b ~50° Y oL
gzoo 3:45° 32 i+~
z =l
% X 200 30 -
TIK) 0 00 ) 200 300

Fig.1 Magnetization densities for Fig.2 The tirst-order magnetic unia-

Cue.8~Niz.0 as a function of xial anisotropy constant as a
temperature for =0 and 59 and function of temperature for =0
calculated only for 8=00. and 50 and calculated only for
=00,
1.20r ) “9
CubB—N'ZO
~ 1 30
= v
zz 0.80- 20+
Nk
—
‘Z’ 060+ . L | ) | 10r CuéB_N'ZO
0 100 200 300 " . o
T(K) 0 100 k) 200 300
Fig.3 The magnetization density of Fig.4 The angle of ¥ (from the film
Cug . 8—Ni7 .o normalized to that plane). for H=15 kOe at 4359, as
of pure Ni as a function of a function of T.
temperature.

may be attributed to differences in the studied materials vriginating from
different preparation techniques and material quality. We have studied the
anisotropic magnetic behavior ot a Cug 8-Ni7 ¢ multilaver which has been
studied structurally in a considerable detail and reasonably clear
knowledge has been established for its structural characteristics3.4: the
notation Cus-Nip will denote that the period (A) of the composition
modulation consists of m (n) atomic planes rich in Cu (Ni). The values
m=6.8 and n=7.0 were determined by x-rav diffraction and both XTEM and
XTED (cross-sectional electron diffraction).

The temperature dependence of the magnetization density and the
first-order uniaxial magnetic anisotropy constant will be shown in Figs. |
and 2, respectively, as determined by static torque magnetometry (TM) via
the weil known analytical techniques!!.!2. The angle (3) between the tilm
plane and the applied magnetic field is kept constant by a nulling proce-
dure and the required torque is measured as a function of the applied
field. When 3=459 it was shown!l.!2 that one can tind analytical expres-
sions to reveal M and K from (L/H) vs. H or (L/H)Z vs. L curves. Also it
is possible!3 to check the measurements by repeating them at 9=45+d. The
two data sets of Figs. 1 and 2 refer to =0 and 5% and analyzed in both
cases, tor 5=0. The two M vs. T curves of Fig. 1 will coincide perfectly
if the relation (sin45/sin30) between them is considered. Thus these
measurement s provide an accurate representation of the T-dependent M and K
for an easy-plane uniaxial ferromagnet. As seen in Fig. 2, with the ini-
tial analysis tor &=0, the curve for =500 exhibits a more pronounced in-
trease at low temperatures indicating a possible additional feature in the
anisotropy.
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Figure 3 depicts the anisotropy moments M(T), as function of the tem-
perature, normalized for each T tu the corresponding moment of pure bulk
Ni. It is seen that this ratio becomes higher than unity at about T=150 K,
with a highest low-T value of about 1.15. Some possible errors for such an
observation would be: a) a wrongly established angle for the field, b) an
underestimate tor the Ni contained in the sample, c) erroneous analysis of
the torque data and d) some temperature-dependent effects of the film-mica
bonding.

As far as the first (a) point is concerned the analysis of Fig. 1 for
6=0 and 5=5% can be taken as evidence enough for sufficiently accurate ex-
perimentation. Second, the volume of Ni was determined by measuring the
area and calculating the thickness as the product of the number of A's (as
determined by counting the shutter movements during growth) and the n
(assuming no interdiffusion) as determined by the techniques mentioned
before and rechecked with the thickness of Ni deposited and recorded on
the quartz crystal during the growth. Briefly, the most inaccurate part of
these steps must be the measurement of the area of the specimen used. The
fringes of the modulation observed in XTEM micrographs3 and the XTED
analysis revealed m, n, m/n and @/(m+n) values in excellent agreement with
the values determined by x-ray diffraction. Thus, the overall uncertainty
in the volume as determined here should be smaller than 5%.

Third, the analysis of the data is accurate for high temperatures tor
both M and K. For low T it is not safe to determine K accurately (and for
this reason it is not included in Fig. 2) while it can be said that by
this technique the values for M must be within about 3% the real one.
Finally, the temperature-dependence of the film-mica bonding stresses
would not affect the M values and, as far as the K ones are concerned. it
has been investigated in the past!3 by FMR for thin films of Ni, Ni-on-Cu
or Cua—Nip and such a possibility can be safely ignored.

Therefore, it can be said that the observed ratio (M/Mni) of about
1.15 at low T can be considered as either an enhancement of the Ni moment
in Cue.8-Ni7z.o or, if we consider the highest possible error in estimating
the Ni content and analyzing the data, at least that the Ni-rich lavers
have reached the bulk moment unlike any other Cus-Nij multilayer or pure
Ni fiiwm studied and reported thus far. In any case, considering that it is
certain that some interdiffusion has occurred, such strong moments must be
taken as evidence for additional contribution of the planar magnetism of
the Ni layers.

The analysis of the torque data may be used to obtain also the equi-
librium angle between M and the plane of the film as a function of the
temperature for H=15 kOe and its angle 8=450 as depicted in Fig. 4. It is
interesting to note that as T decreases it becomes increasingly more dif-
ficult to bring M out of the plane.

Such easy plane behavior is much more pronounced than in the case of
pure films of Ni deposited on mica!3. However, it will be shown that, for
n=2 and only for this value, it is possible to create perpendicular
anisotropy in the normally easy-plane Pde-Nip system of multilayers.
Figure 5 shows the magnetic and magnetooptical hysteresis loops for Pd3-
Niz. (Similar observations were made for Cus—Co3 and Pds—Coz; multilayers.
Reports on magnetic studies for these systems can be found in Refs.14-16
and also FMR studies for Cus—Co; at T=150-300 K have been reported
earlier!3.) Tt must be noted that no perpendicular component was observed
for Pde~Nip with n>2. The observation of significant differences between
Pde-Ni; multilayers and those with n#2 in the FMR lines has also been
reported recentlyl?.
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Fig.5 Magnetic (a) and magnetooptical Kerr (b) hysteresis loops for Pd;-

Ni, at room temperature.

Extensive accounts of the A-dependent magnetic. magnetooptical and

optical properties will be published elsewhere.
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STRUCTURAL AND MAGNETIC PROPERTIES OF EPITAXIAL Co/Pd

SUPERLATTICES
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INTRODUCTION

Recent interest in the magnetic and magneto-optic properties of transition metal/
transition metal multilayers has been stimulated by the discovery of perpendicular
magnetism in particular systems.* However, partially due to the large variety of thin-film
deposition methods and growth conditions, it has been difficult to obtain a clear
understanding of the mechanisms of interfacial magnetic anisotropy. In order to create
controlled and well characterized interfaces, we have grown a series of epitaxial Co/Pd
superlattices on single-crystal GaAs(110) substrates by Molecular Beam Epitaxy (MBE). This
paper describes the growth procedure, structural characterization, and the magnetic and
magneto-optic properties of these superlattices. Comparisons are made to a series of non-
epitaxial, polycrystalline multilayers that were simultaneously deposited on Si substrates.

GROWTH PROCEDURE

To enable epitaxial growth of the Co/Pd superlattices, GaAs (110) single-crystal
substrates were chosen. The GaAs wafers were In bonded to a Mo block along with Si
(111) substrates for use as Rutherford Backscattering Spectrometry (RBS) witness samples.
The Si, with its lower mass, allows the thickness of both Pd and Co to be determined with
RBS. These substrates also provided polycrystalline, UHV-evaporated multilayers for direct
comparison with the epitaxial superlattices. The GaAs substrates were heated to =625 C
for =30 minutes in UHV ( < 10™ torr) for oxide desorption and annealing. This procedure
provided a clean, smooth, and highly ordered surface as determined by both reflection high
and low energy electron diffraction (RHEED and LEED) and Auger electron spectrometry
(AES).

To initiate epitaxial growth, a seed layer of 6 A of Co was deposited at 0.25 A/s from
a feedback controlled electron beam evaporator onto the room temperature substrate. This
Co grows epitaxially in the metastable bce form on GaAs (110),° but results in a very rough
surface as revealed by RHEED and LEED. To heal this surface and provide a good starting
point for the superlattice growth, a buffer layer of 500 A of Pd was then deposited at
0.15 A/s from a high temperature effusion cell. The Pd grows as fcc (111) as determined
from RHEED, LEED and x-ray diffraction. Other examples of fcc/bee growth are in the
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literature.* We found that the resulting surface could be improved by raising the substrate
temperature to 200 C for the last 200% of Pd growth. The resulting RHEED and LEED
images show improved sharpness with a reduced diffuse background. We also discovered
that sample rotation, ordinarily used to improve the thickness uniformity across the sample,
caused faceting of the surface if performed too early in the growth. The buffer layers were
therefore degosited without rotation. Details of the Pd growth are given elsewhere in these
proceedings.

[211] (110]

Figure 1 RHEED patterns from the two different azimuthal directions of the final Pd
superlattice layer (d.,=4A, dps=11A, N=30).

Following deposition of the Pd buffer layer, the substrate was cooled to room
temperature and the superlattices deposited onto the rotating (10 rpm) wafers. This rotation
reduces the thickness variation across the =5 cm wafer to < 0.5% and does not affect the
quality of superlattice growth. RHEED was monitored during deposition and indicated
single-crystal growth throughout. Figure 1 are the resulting RHEED patterns for the final
Pd layer of a 30 bilayer superlattice (dc,=4 A, dps=11 A).

STRUCTURAL CHARACTERIZATION

In addition to using the MBE's in
situ structural probes, the superlattice
morphology and crystal structure were
investigated ex sifu with Scanning
Tunneling Microscopy (STM) and x-ray
diffraction. Although RHEED can provide
indirect information about surface
roughness, the STM gives direct real-space
images of the final surface. The final
surface of these superlattices was Pd, and
therefore imaged well with the "in-air"
STM.

A typical STM image, represented
as a line scan, is shown in Figure 2. The
remnants of a columnar structure are
visible, with typical lateral dimensions of A

the individual grains =500 A, These Figure 2 STM line scan of the final Pd layer
grains are very flat, with measured (deo=4A, dpy=11A N=30)

variations in height on the order of 2 Co™ ™% TPd P
(an atomic layer). Because the grain
diameters are on the order of the
coherence length of the RHEED electron beam, these flat-topped columns are responsible
for the streaked RHEED patterns seen during growth.
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The crystal structure of the superlattices was investigated with x-ray diffraction in
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both high and low angle 8-28 geometries.
High angle rocking curves were also
performed as a probe of the crystal quality
and orientation. Composition modulation
was confirmed in all of the structures, and
a consistent determination of the bilayer
period was obtained from the low-angle
and high-angle superlattice peaks and
RBS. Coherence lengths estimated from
x-ray linewidths are consistent with a
single crystal throughout the entire
superlattice. Rocking curves performed
on the superlattice peak produced
linewidths that vary monotonically from
0.9° < A8 < 1.8° as d¢, increases. These

Figure 3 High angle X'T;X 8-20 scan of an narrow lines confirm the high quality of

epitaxial superlattice (dc,=

dpg=11A,N=50). " these single-crystals. Figure 3 is a high-

angle 0-26 scan of a 50 bilayer

superlattice (dc,=2 A, dpy=11 A). In contrast to this behavior, the x-ray diffraction from the
multilayers deposited on Si (111) revealed a polycrystalline structure with no discernable

superlattice satellites.

MAGNETIC AND MAGNETO-OPTIC CHARACTERIZATION

The magnetic and magneto-optic
properties of both the epitaxial superlattices
and polycrystalline evaporated multilayers
were investigated with vibrating sample
magnetometry (VSM) and Kerr rotation
measurements. A magnetic easy-axis
perpendicular to the film plane was
observed for all four of the superlattices
reported here (d.,<12 A, dpy=11 A).

The Kerr rotation was measured via
a HeNe laser, lock-in amplifier based system
with a Faraday rotator providing the
necessary polarization modulation. Figure
4 displays the Kerr rotation versus applied
field for both an epitaxial and
polycrystalline multilayer (dc,=2 A,
dpg=11'A, N=50). These samples were
grown simultaneously using GaAs and Si
substrates respectively. The most striking
difference is the increased coercivity of the
epitaxial superlattice (H.=6.7 kOe). It also
should be noted that the spin reversal
mechanism is obviously very different for
the two samples. The epitaxial superlattice
displays a gradual nucleation, in contrast to
the abruptness of the polycrystalline
multilayer. Additional information on the
details of the reversal process is being
gathered from measurements of the
coercivity as a function of angle of the

0.1 - X
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0.0

Kerr Rotation (Degrees)

|
]

0.1 ™
Polycrystalline

00t

Kerr Rotation (Degrees)

-10 -5 ¢ 5 10

1
o

Magnetic Field (kOe)

Figure 4 Kerr rotation loops for an epitaxial
and polycrystalline multilayer (dc,=2A,
dpq=11A, N=50).

applied field. Results of this study will be reported elsewhere.
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In addition to the differences in coercivity, the magnitude of the Kerr rotation in the
epitaxial superlattices is consist>ntly smaller than that in the polycrystalline multilayers.
Although the reduction is slight, it is easily resolved with our system. This small reduction
cannot easily be attributed to substrate interactions since all of the samples possess a 500 A
Pd buffer layer. VSM measurements of the total magnetization are currently being
performed in search of possible differences in the overall magnetic behavior. Although
these studies are not yet complete, significant polarization of the Pd has been observed.
Table 1 is a summary of the structural, magnetic and magneto-optic properties of the
epitaxial and polycrystalline multilayers produced to date.

Table 1. Summary of parameters. dp,=11 A for all samples.

deoA) N HP(kOe) | HPY(kOe) | 6Pideg) | 8,7°Y(deg)
2 50 6.7 2.8 0.05 0.07
4 30 34 1.6 0.10 0.11
8 15 0.96 0.83 0.15 0.16
12 15 0.41 0.46 0.20 0.21
SUMMARY

We have demonstrated the epitaxial growth of the Co/Pd fcc(111) superlattice system
and contrasted the magnetic and magneto-optic behavior with that of simultaneously
deposited polycrystalline multilayers. Significant differences are seen :n the spin reversal
process. Further measurements are needed to elucidate the mechanisms responsible for the
enhanced coercivity observed in these epitaxial structures. Presently, a more complete
magnetic characterization is being conducted using VSM and torque magnetometry, and
will be reported in a later paper. Future work will include LEED and in situ Kerr rotation
measurements of Co monolayers deposited on Pd to investigate interfacial strain effects.
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FIRST-PRINCIPLES CALCULATION OF THE MAGNETOCRYSTALLINE
ANISOTROPY ENERGY OF Co,Pd,, MULTILAYERS
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P.O. Box 80.000, NL-5600 JA Eindhoven, The Netherlands

ABSTRACT

The magnetocrystalline anisotropy energies of {001] and {111] oriented Co,Pd,
multilayers (with n4+m<6) have been calculated from first principles using the lin-
ear muflin-tin orbital method in the atomnic-spheres approximation together with the
local-spin-density approximation. While the easy axes of all {111] Co,Pd,, multilayers
considered are found to be perpendicular to the film plane, [001] Co,Pd,, multilayers
are only found to be perpendicularly magnetized if they contain cobalt as monolayers.
'The magnetocrystalline anisotropy encrgy is calculated to be largest for [111] Co,Pd;
and decreases with increasing Co thickness. These predictions are in agreement with
experiment.

INTRODUCTION

The magnetization of Co/X mul‘ilayers, where X is a late transition metal ele-
ment (Pd[I] or Pt[2]) is oriented perpendicnlarly to the film plane if the Co layers are
one or a few monolayers thick. Increasing the Co thickness the easy axis eventually
changes tc an in-piane direction. Measurements show that the anisotropy energy-
density. i, times the Co-thickness. #, decrcases approximately linearly with ¢, ie..
Kt = 2K s+ K-t where Kg and K- are interface and volume energy-densities respec-
tivelv. For thin Co layers the interface anisotropy energy apparently dominates the
volume anisotropy energy and gives 1..¢ to a perpendicularly oriented magnetization.
This indicates that in these multilayers the anisotropy energy of monolayers of cobalt
is very different from that of bulk (hep) cobalt.

It was pointed out by Néel more than thirty years ago that the reduced sym-
metry at a surface may lead to an anisotropy energy that is different from the bulk
anisotropy.[3] Recently it has been shown experimentally that the magnetic anisotropy
of Co/X multilayers strongly depends on the element X[4], the structure of the
multilayer[5] and the mixing of Co and X clements in the vicinity of the interface [6].
Moreover, magnetoclastic energy may contribute via a thickness dependent strain of
the Co layers.[T] Partly because of these effects the origin of the measured anisotropy
energy is not well understood.

We have therefore examined the anisotropy energy of lattice matched multilaycrs
with idealinterfaces. The results of first-principles calculations for Co,Pd,, multilayers
in two different structures, [111]e. with n+m=3,6 and [001]r. with n+m=2.1,6 are
presented. Of all multilayers considered, the anisotropy energy is largest for {111},
Coy Py and decreases with increasing Co thickness. Co,Pd,, multilayers with a K()Oﬂ‘ﬁ.(
stricture are found to be perpendicularly magnetized only if they contain Co as
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monolayers. Where comparison is possible, these predictions are in agreement with
experiment.

METHOD

Magnetocrystalline anisotropy energy (MAE) is the difference in the ground
statc energies corresponding to two diflerent orientations of the magnetization den-
sity. Although in principle a relativistic current density functional theory ought to be
used [8], we calculate the MAE for practical reasons within the framework of the stan-
dard local-spin-density approximation[9]. The MAE is caused by the simultaneous
occurence of exchange splitting and spin-orbit coupling in the Hamiltonian. Because
the spin-orbit coupling parameter is small with repect to the exchange splitting and
the bandwidth, it is treated non self-consistently.

First the Kohn-Sham equations for the scalar-relativistic spin-polarized Hamil-
tonian are solved self-consistently using the LMTO method in the atomic-spheres
approximation {(ASA){10]. The spin-orbit coupling is then added and on diagonal-
izing the full Hamiltonian the eigenvalues, ¢(k,fi), are obtained. These depend on
the chosen orientation fi of the magnetization because the term 1 - s is not invariant
under a rotation in spin-space. By employing the force-theorem{11] the MAE may be
expressed as the difference in sums of Kohn-Sham eigenvalues for two different orien-
tations fi. Each sum is performed by integration over the Brillouin Zone (BZ) using
the improved tetrahedron method{12]. Using this procedure a detailed study of the
MAE of the transition metal elements Fe, Co and Ni was made, and for a description
of the method we refer to this work.[13]

An important contribution to the measured anisotropy energy is the magneto-
static energy dilference, AEp, between the two orientations of the magnetization in
the multilayer geometry. It is calculated by summing classical magnetostatic interac-
tion energies between maguetic dipoles on lattice sites.[14]

STRUCTURE

The experimental information about the multilayers from den Brocder et al.[4,5]
is used to construct a model for their structure. Epitaxial [111] Co/Pd multilayers,
comprising close packed planes of Pd and Co,were prepared by vapor deposition in
UHV on mica substrates with a Pd buffer layer of 1000 A.[4] Epitaxial [001] Co/Pd
multilayers have been obtained by vapor deposition in UHV onto cleaved [001] NaCl
with a Pd buffer layer.[5] In this case the Co and Pd laycrs were found to be coherent

with each other. Typically the Pd layer is 20A thick. In the calculations coherent
layers are assumed in which the in-plane lattice parameter is determined by the Pd-
layer. Then the only structure parameters left undetermined are interplanar distances.
These were evaluated by minimizing the total energy calculated using the full potential
LAPW method[15].

In our model for the [111]g. Co,Pd,, multilavers an ABCABC stacking se-
querce of close packed planes is assumed. The resulting crystal structure has trigo-
nal symmetry and a basis which consists of muitiples of 3 atoms. Hexagonal lat-
tice vectors with length a and ¢ may be chosen to span a unit-cell, where ¢ =
2¢¢o.pd + (N — 1)cco-co + (m — 1)cpa_pg- Here cs_p denotes the distance between
neighbouring A and B planes. The nearest neighbour distance between Pd atoms is
taken unchanged from that calculated for the Pd (bulk) fcc lattice, and determines a
and cpg_p4. For Co,Pd,, multilayers the remaining two parameters are calculated for
trigonal Coz and CoPd; , yielding cco..co and cco-pa respectively. They are found to
be only slightly smaller than those that would have been obtained from close packing
of hard spheres. As will be discussed, small changes in the structure parameters do
not change the anisotropy energy significantly.

The structure of [001]¢. Co,Pd, multilayers is a stacking of [001] planes of an
fce lattice. The multilayer has tetragonal symmetry and a is taken to be equal to the
calculated fcc Pd cubic lattice constant. The interplanar separations are found from
calculations for tetragonal bet cobalt and Co;Pdy, vielding cco .co and cgo-pa-

v
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Figure 1. The anisotropy energy-density, K, times Co-thickness, ¢,
as a function of ¢ for [111} multilayers deposited at T, = 200°C(A),
compared with the ab initio calculated values. The (room tem-
perature) experimental data are taken from den Broeder et al.[4]
K > 0 corresponds to a perpendicularlv oriented magnetization.
Error bars indicate the estimated numerical accuracy of the cal-
culation.

MAGNETIC ANISOTROPY CALCULATIONS

Previous first-principles calculations of the anisotropy energy of hcp Co have
shown that the calculational results depend sensitively on the location and disper-
sion of degenerate energy bands near the Fermi-energy.{13] The ab initio calculated
anisotropy energy of hcp cobalt (-0.02 meV/Co) is not in accordance with the exper-
imental value of 0.06 meV/Co. This result was obtained using a basis including spd
and f partial waves. Including only spd partial waves in the basis a correct easy axis
was predicted with an anisotropy energy of 0.03 meV/Co. It is concluded that the ac-
curacy of the calculations can not be claimed to be better than 0.1 meV/Co-atom. For
several ferromagnetic compounds (YCos, MnAs and MnSh) with a larger anisotropy
energy (= 0.2 meV/magnetic atom or larger) the easy axes appear to be predicted
correctly but quantitative discrepancies with experiment are still found. The magne-
tocrystalline anisotropy energy of [111] Co/Pd multilayers containing monolayers of
cobalt is about a half meV per unit-cell.

It is important to accurately perform the Brillouin Zone (BZ) integral of the
eigenvalues ¢,(k, fi). We have found that it is possible to demonstrate the convergence
of the BZ integral for unit-cells containing up to six atoms in the basis.[16] The
numerical uncertainty in the results to be quoted below, is at most 0.1 (0.03) meV
for unit-cells containing six (three) atoms. The results that follow are obtained using
spd and f partial waves in the basis.

Co/Pd MULTILAYERS

In Fig. 1 the calculated results for Kt of [111]s. Co,Pd,, multilayers are com-
pared with experimental results obtained at room temperature{4]. Kt multiplied by
the Co area per atom (the area of a Co atom projected onto the basal plane in the
bulk hcp structure), A, equals the sum of the magnetocrystalline anisotropy energy
AF and the magnetostatic energy difference AEp (~ —0.09n meV). The correspond-
ing values for AE + AEp are denoted on the right-hand vertical axis. The numerical
convergence of the calculated results is indicated by error bars. The dependence of
the calculated MAE on the Pd thickness is small; the anisotropy energy of Co,Pds is
~10 % smaller than that of Co;Pd; . A perpendicularly oriented magnetization and
decreasing anisotropy energy with increasing Co thickness is predicted. However, the
decrease is about a factor of three larger than observed in the experiment. For thick
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Co layers the calculated slope will be determined by AE + AFp of strained trigonal
cobalt. AFE of strained trigonal cobalt is calculated to be less than 0.03 meV/Co
atom for various c/a ratios between 2 and 2.45 (fcc) while keeping a constant, so
that for thick Co layers the slope should be ~ AFp. This is actually found in the
experimental data. We conclude that the presence of the Co/Pd interface leads to a
strong preference for a perpendicularly oriented magnetization. The initial decrease
of the magnetocrystalline anisotropy energy with increasing Co thickness is much
larger than that calculated for strained trigonal cobalt. This indicates that the influ-
ence of the interface extends beyond the Co interface layer. For large Co thicknesses
the slope will be determined by the demagnetization energy. Magnetoelastic energy,
arising from strain in the Co layers, is not the cause of the very large anisotropy
energy.

In Fig. 2 the calculated results for Kt of [001]z. Co,Pd,, multilayers are com-
pared with experiment[5]. Compared to the [111] oriented multilayers there are two
essential differences in the experimental data. Firstly, the interface anisotropy energy
is strongly reduced. Secondly, an additional easy-plane anisotropy is present in the
volume anisotropy, which is nearly as large as the demagnetization energy. Hence
[001] multilayers are only perpendicularly magnetized if they contain monolayers of
cobalt.

Our calculated anisotropy energies reflect these two differences. Only Co;Pds
and Cou Pd, are predicted to be perpendicularly magnetized, and a strong decrease of
the anisotropy energy with increasing t is also found. However, as in the calculations
for [111] oriented multilayers, the slope is about a factor of three larger than is found
experimentally.

The dependence of the magnetocrystalline anisotropy energy, AF, on the struc-
ture parameters was calculated for the [111). Co;Pd; multilayer. In Fig. 3(a) the

fractional change of the MAE, J(AAE;E), is shown as a function of the fractional change

in the volume of the unit-cell, éng. Here AF and §Q refer to the multilayer Co,Pd, for
which we have shown results in Fig. 1.
A uniform compressive strain was applied, i.e., all structure parameters were

changed with the same fraction ~ g—g. Decreasing the volume causes a reduction of

the MAE. For example, on changing the volume by -8%, the change in the MAE is

only about -10 %. Assuming K = —g/\a for stress induced magnetoelastic energy,
experiments on sputtered Co/Pd multilayers and Co/Pd alloys indicate a value for
the magnetostriction constant A = —1.5-107%.[17] The calculated results yield a

magnetostriction constant of about —6-107% assuming a bulkmodulus B=2-10"'N/m?2.

We might expect the anisotropy energy to depend differently on cc,_pg than
on a. In Fig. 3(b) the change of the MAE is shown as a function of the fractional
change in cco-pa. Here a was kept fixed. The change of the MAE is about a factor
of three larger than in Fig. 3(a) for corresponding changes in the volume, indicating
that the MAE depends less on a than on cge.pq. From Fig. 3 it is concluded that for
a wide range of values of the structure parameters a perpendicular orientation of the
magnetization is predicted.

CONCLUSIONS

In summary, we have shown that the observed preference for a perpendicu-
larly oriented magnetization in [111] oriented Co/Pd multilayers and the qualitative
difference in the magnetic anisotropy between [111] and {001] oriented multilayers is
predicted by first-principles calculations. The large value of the anisotropy energy and
the preference for a perpendicular orientation of the magnetization of {111] Co/Pd
multilayers must be attributed to the presence of the Co/Pd :aterface and the result-
ing energy bands. Calculations for Co/X multilayers, where X = thick Ni, Cu or Ag,
are in equal good agreement with experiments.[16] A determination of Lthe anisotropy
energy of coherent epitaxial multilayers at low temperatures is necessary in order to
be able to make a more rigorous evaluation of the success of the calculations.
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Figure 2. Kt as a function of ¢ for coherent epitaxial [001] multi-
layers deposited at T, = 50°C(7) 5] compared with the ab initio
calculated values.
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Figure 3. The fractional change in the calculated magnetocrys-
talline anisotropy energy of [Liljs. Co;Pd> as a function of the
fractional change in the volume, éa), and as a fiunction of the frac-
tional change in cc,_p4, the separation between interface Co and
Pd layers, (b). The solid lines are a guide to the eye. The pre-
diction of a perpendicular orientation of the magnetization is not
sensitive to the particular values of the structure parameters.
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ABSTRACT

Co/Pt multilaver films have been prepared by evaporation under
UHV conditions. For samples with Co layer thickness below 0 8 nm a
strong uniaxial anisotropy and rectangular loop are observed. While
the polar Kerr rotation decreases with the Co layer thickness, the
Faraday rotation, on the contrary. 1s seen to increase strongly. This
increase has been attributed to the presence of Co-Pt alloy layer at
the interfaces formed by mixing and whose thickness has been
estimated to be about 0.3 nm. Furthermore this layer is thought to
play a crucial role in the origin of the uniaxial anisotropy. Faraday
rotation studies are thus shown to be powerful to characterize the
multilayers.

INTRODUCTION

Recently Carcia et al 1 reported on Co/Pt multilayers (ML)
whioh present an uniaxial anisotropy for Co layerec thiner than about
1 nm and with reasonable polar Kerr rotation. This uniaxial
anisotropy 1s attributed to the interfacial surface anisotropy which
generally increases with the decreasing thickness of the magnetic
film These charaoteristice such as a rectangular loop along the film
normal with coercivities on the order of 1 kOe, fairly high Kerr
rotation in the smaller wavelngth region, and finally their chemical
stability make them potential candidates for the future generation of
magneto-optical storage media and which has stimilated actave
research on these new materials in many laboratories 2,3,4 We
describe here some results on structural, magnetic and magnetoptical
studies in the Co/Pt MLs.As we have described previously, the study of
the Faraday rotation is very interesting and it yields important
information about the interfaces because this rotation arises from
the bulk of the multilayer structure unlike the polar Kerr rotation
wvhich also would involve complex interference effects due to
miltiple reflections? We will attempt here to correlate the Faraday
rotation observed to the interface material, which in our opinion,
should be playing an important role in determining the properties of
these new materials.
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EXPERIMENTAL DETAILS

The multilayers were deposited using a dual electron gun fitted
in a UHV chamber, where the starting pressure was 1-2.10-10 torr and
vhich was kept below 6 10-9 torr during film deposition The
deposition rate and the thickness of the layers were controlled
individually using two quartz osoillators which had been previously
calibrated. Water cooled glass or silicon wafers were used as
substrates.

The thickness of the Co (dj) layer was in the range ¢ 5 to 3 nm
and that of the Pt (dp) 1 to 4 nm. The number of bi-layers (n) was
varied from 8 to 20.The samples will be denoted as (dy.dp)B .

The periodicity was checked by low angle X-ray diffraction. Some
samples were examined by cross sectional transmisson electron
microscopy (XTM).The magnetization (M) and the M-H 1loops were
measured with a vibrating sample magnetometer (VSM). Both uniaxial
anisotropy (K,) and M were measured using a torque magnetometer in
the temperature range 5 to 290K Polar Kerr and Faraday loops were
taken at A = 633 nm, using a magneto-optical set up capable of a
resolution of 10-4 deqg.

RESULTS AND DISCUSSIONS

The multilayer structure was confirmed by the low angle Bragg
reflections. Fig. 1 a and b show the XTM picture (the end on view)of
two samples (0.6,1.6)8 and (2.6,3.2)%.Some crystallites are seen
vhich are comprised of both constitutents and without affecting the
layering sequence or the interfaces. The diffraction pattern for the
(0.6,1.6)8 sample indicates one diffraction ring vhich corresponds to
the average lattice. No evidence of two distinct diffraction rings
for the two constituents is seen.

The M-H and the magneto-optical loops were similar in general and
Fig. 2 shows the Faraday loop for the sample {(0.5,1.6)16°

Fig 1 XTM picture of
(0.6,1.6)8 (2) and
(2 6,3 2)6 (P), and
the inset shows the
diffraction pattern
of (a)
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Fig. 2 Faraday logp for )
(0 5,1 6)16 gample He= 11 kOe

s

5 0 H(kOe) 5

Fig 3. shows the torque curve for the sample (0.8, 1.6)15 and
the perfect uniaxial symmetry 1s seen

We have calculated K, (erg em™3), in three different ways To
calculate the volume we first took 1into consideration only (a) dj.
then (b) dj+ ds and fanally (c¢) di+ two layers of alloy at each
surface of the Co layer of thickness 8§ =0 3 nm each, this aspect will

be discussed under the Faraday rotation studies. only for the case
{a), Ky 15 seen to increase almost linearly with decreasing Co layer

thickness For the other two cases (more realistic) K, seems to be
less sensible to the Co laver thickness.The highest value (case a) 1s
1 3x107 erg cm~3 and is obtained for (0 5, 0 8)2Y Fig 4 shows K, as
a function of dy for a fixed dp = 1.6 nm for the three cases
described above.

The variation of the Faraday rotation (©p) with dj, in our

opinion, is an important aspect of our present work. Fig. 5 shows
that the rotation, expressed in terms of total Co layer thickness,

x107

15 o

b 3
S
o >
)
-

k; g ¢
€ E‘ 4ﬂ/m,.////”/’//&
L} 0,5]
@ 2
x o
0
0 2 3
dy Co (nm)
Fig. 3 Torque curve for Fig. 4 Ky dependence on
(0.8, 1.6)15 d}(Co)

193




increases 1in a remarkable fashion as di decreases. The observed

increase has been attributed to the presence of an inerface layer
arising from the alloying in ML with thin layers® In the piesent

case by using a simple model? we have calculated the thickness (&)of

20}
f
Fig. 5 The dj(Co)layer depend-  $10f
ence of the Faraday 'b
rotation with ds=1.6 nm = ————— s
cﬂ-
0 1 2 35 a4 30

dy(nm)

this layer as follows The rotation arises from not only the Co layer
but also from the allov layer. So one can write for the observed

rotaion, ©p(measured) = BFC°(d1)n+ OFC°'Pt(6)2n, where n, BFC°,
G&C°‘Pt indicate the no of bi-layers, and the rotation from Co and

the alloy layers respectively Assuming that the two rotations are

equal (1n the first approximation) we find that 8=0.3 nm for all the
ML with dy=1.6 nm. This interfacial alloy layer also favours

exchange coupling between the adjacent Co layers and could play a key
role 1in the developpement of the uniaxial anisotropy.

In conclusion, we have prepared Co/Pt multilayers by sequentiel
deposition in UHV. For thin Co lavers rectangular loops are cbserved
and the torque studies confirm the presence of a <irong uniaxial
anisotropy.The increase in the Faraday rotation observed has been
attributed to the presence of a magnetic alloy layer at the
interface. The study of the Faraday rotation thus has enabled us
to reveal the presence of the interface material and which in our
opinion could play an aimportant role 1n exchange coupling the
Co layers and in the appearance of the uniaxial anisotropy.
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INTRODUCTION

The recent introduction of molecular beam epitaxy techniques in
metal physics has introduced the ability to prepare new crystalline
structures of elemental metals by epitaxy (pseudomorphic
structures).

In this context, the case of metallic Fe is worth of
attention. Indeed, besides the bcc and fcc structures, an hcp phase
is obtained under high pressure!. Only the bcc (8-coordinated) one
is magnetic, whereas the fcc and hep (12-coordinated) forms, which
correspond to a volume of 11.4 A3 / Fe atom, are non-magnetic.
According to theoretical predictions, both fcc and hep bulk phases
should undergo a transition to a magnetic state at volume expansions
of the order of 5%2-3. The purpose of this paper is to discuss our
present knowledge of the the magnetic properties of (0001) hcp Fe/Ru
superlattices. A brief recall of the results obtained on the local
structure around Fe atoms, including the interatomic distances, the
nature and the number of near neighbours will be done?. Regarding
magnetism in particular, it is essential to characterize the atomic
roughness at the Fe/Ru interface layer because Ru is very efficient
to destroy Fe magnetism in Fex Rul-x hcp solid solutions! ?.

In the present report, we focus on bulk magnetic properties,
which are investigated by SQUID magnetometry and magnetoresistance
meacurements. °’Fe M&ssbauer spectroscopy in transmission geometry®
has been published elsewhere.

EXPERIMENTAL PROCEDURE

The (0001) Fe/Ru superlattices were either grown on (1120)
sapphire substrates or on freshly cleaved mica discs in a RIBER EVA
32 MBE. In every case, a Ru buffer layer of 200 A was firstly grown
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at 500°C to ensure an atomically flat and single crystalline surface
and to avoid oxygen contamination from the substrate. Superlattices
were then elaborated at 100 °C. The working pressure never exceeded
5 10710 rorrs during deposition. Magnetization measurements were
performed with a SQUID. Magnetoresistance measurements were carried
out in pulsed fields (T=1s) up to 35 teslas.

STRUCTURE OF THE (0001) FE/RU SUPERLATTICES

The RHEED diffraction patterns?’ of the Fe layers grown on a Ru
surface, ascertain that Fe planes stack pseudomorphically on the
(0001) dense planes of Ru. The crystalline structure of these
superlattices has formerly been discussed, with a particular
emphasis on the nature of the stacking (ABAB.. or ABCABC..)% '. The
conclusion was that the stacking is close to the HCP one.
Diffraction experiments leads to a value of Vpe = 12.7 43 /re atom
which is surprisingly large, the atomic volume is expanded by 10% at
least .

The characterization of the sharpness of the concentration
gradient is par.icularly important. Thus, the mode of growth has to
be checked. Auger electron spectroscopy results can be fited with
the hypothesis of a layer-by-layer growth without volume
interdiffusion. An other insight into interface sharpness can be
gained from diffraction spectra®. A great wealth of information on
interface 1is for instance obtained with a superlattice
Fe(2,1)/Ru(1.9). Despite all the atomic planes correspond to
interfacial ones, a set of satellites is unambiguously observed at
low and high angles®. This is a direct evidence that the interface
composition is sharp at the monolayer scale.

To conclude the discussion of the structure, we can state that
Fe layers are stabilized in an hexagonal structure, with an
anomalous volume of 12.7 * 0.2 A3 / Fe atom corresponding to an
expansion of more than 10% as compared to the y-Fe or e-Fe phases.

H I H I
9&:(6 5)Ru(3.7) Fe(6.5)Ru(12)
- . . gl
g -1. 1. -1. 0. 1.
:
E [
B (Tesla)

Figure 1. Hysteresis curves for two typical superlattices

BULK MAGNETIC PROPERTIES

Two different family of sample have been investigated by SQUID
magnetometry. In the first family we keep the ruthenium thickness
constant ( around 12 atomic layers) and vary the iron thickness: in
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the second one we keep the iron thickness cc.astant (arcund 6.5
monolayers) and we vary the ruthenium thickress.

We first discuss the results on tle second family. Two typical
hysteresis curves are shown in fig.l for a sample of around 3 Ru
monolayers and a sample of 12 Ru monolayers. One can see clearly on
these curves. that the coercive field is markedly larger for =he
sample with the thinner layer of ruthenium. This result .s
summarized on figure 2 where we present the coercive field versuc
the Ru layer thickness. To check in more details the nature of the
interactions through the ruthenium layer, we present in figure 3,
the first magnetization curve of a coupled sample
Fe(6.5)/Ru(3.7) (field parallel to the layers).
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Figure 2. Coercive field versus ruthenium thickness
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Figure 3. Low field magnetization curve of a coupled
superlattice, Fe(6.5)Ru{(3.7), showing the evidence of a spin flop
transition

One sees clearly two steps in this curve, a spontaneous jump
occurs at very low field and then a positive curvature is observed.
This kind of curve is very close to those calculated by Dieny et al’
for antiferromagnetically coupled layers in the case of weak

197




anisotropy. We then conclude that antiferromagnetic coupling between
adjacent layers seems to be possible for thin ruthenium interlayers.
Another type of conclusion can be deduced from figure 2; it seems
that the interlayer coupling becomes very weak for a ruthenium
thickness of about 12 monolayers.

We have choosen this ruthenium thickness for the study of
hexagonal iron since in that case only intralayer coupling plays
some role for the magnetic properties.
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Figure 4. Iron moment versus iron thickness

Figure 4 shows the total moment of the iron layer versus the

layer thickness. This curve reveal the absence of spontaneous
magnetization for Fe layers thinner than 4 monolayers and
subsequent increase of 1.7{p per atom in the additional layers

iron

a

(straight line on figure 4).

Sp/p * Fe(6.5)Ru(1.9)
« Fe(6.5)Ru(3.7)
0,10 4
* Fe(6.5)Ru(12)
. * Fe(2.1)Ru(1.9)
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Figure 5. Magnetoresistance of some multilayers at 4.2K

As a matter of conclusion, the magnetic measurements of Fe/Ru
superlattices permit to establish that the 2 Fe layers at the
interface with Ru are absolutely non-magnetic whereas the next ones
are fully polarized, with a moment of 1.7 up/ Fe. This result must

be related to a volume expansion exceeding 10% for the Fe layers due
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to the pseudomorphous growth with Ru. At this stage, we must mention
the likehood of the magnetic behaviour of Fe in hcp (0001) Fe/Ru
superlattices, with the results obtained independently by Liu and
Bader!® for a single Fe/Ru (000C1) interface; in both experiments, it
is found that the magnetic interface is sharp, albeit at 2 planes
apart from the chemical interface. The absence of Fe magnetism at
the interfaces, which 1is significant owing to the sharpness of the
interface at a monolayer scale, 1is certainly due to a strong
hybridization of the Fe bands with the broader bands of Ru.

MAGNETORESISTANCE MEASUREMENTS

Figure 5 shows magnetoresistance results at 4.2K for four
typical samples. The four samples have nearly the same residual
resistivity of about 3uQcm at 4.2K. The magnetic field is
perpandicular to the current and in the film plane. One can see
immediatly that there is no trace of giant magneto resistance at low
field.

0 600
bolp

-0.002
170 X
120 k
-0 004 M
42K
' 1
0 1 2
B (Teslas)

Figure 6. Low field magnetoresistance at various temperature of
a rough sample

If one inspects closely the low field part, one can detect some
small negative component of about 1074 to 0.5 1073 at applied fields
below 1 or 2 Teslas. This small negative part is more important in
the Fe(7.5)Ru(6.5) sample (fig.6) where the residual resistivity is
notably higher due to the surface roughness detected by RHEED on
this kind of samples’. One can see also on fig.5 that the high field
magnetoresistance increases with the onset of magnetic moment (from
the 2.1, 1.9 sample to the 6.5, 12 sample) and also when the Ru
layer thickness decreases. Then the magnetoresistance in our samples
is clearly related with the magnetic properties. To gain more
information, we have tentatively fitted the magnetoresistance curves
with a two band model (free electrons with spin up or spin down)!l.
This model is obviously not correct since it implies a zero
magnetoresistance for the non magnetic sample and it neglect the
spin flip diffusion, but it can give a preliminary account of our
data. The fits are the solid lines in fig. 6. One may deduce from
these curves the ratio of the spin up and spin down relaxation time
which is 1.9, 2.1 and 2.4 for the three magnetic samples (Ru = 12,
3.7 and 1.9). This can be related!! to an increase of the ratio
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between the density of states of d electrons with spin down to the
density of states of d electrons with spin up.

These results are preliminary but show that in presence of
antiferromagnetic coupling, the magnetoresistance is not necessarely
giant if the residual resistivities of the samples are low.

CONCLUSIONS

From a systematic study of the crystalline structure and of the
local environement around Fe, we have been able to conclude that the
(0001) Fe/Ru superlattices have an hexagonal structure, in which the
specific volume of Fe is expanded by more than 10 % as compared to
equilibrium phases. The Fe/Ru interfaces are very sharp;
correlatively, the magnetic interfaces is also sharp but located at
two planes apart inside the Fe layer. The magnetic Fe sites carry a
large moment of 1.7Up, These results are in excellent agreement with
theoretical predictions3!?:13 and the fact that the expanded Fe phase
is observed for two different pseudomorphous epitaxies, i.e. (0001)

and (1152), strongly supports Kiibler's prediction® that an hcp Fe

phase could correspond to a metastable state with a relatively high
moment. The magnetization and magnetoresistance results suggest that
there exist a coupling between the iron layers. This coupling could
be antiferromagnetic but the giant magnetoresistance is not directly
related to this antiferromagnetic coupling.

* Present address: Compagnie de Saint Gobain, Direction de la
Recherche, Les Miroirs, Cedex 27, 92096 Paris - La Défense
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INTRODUCTION
Among other interesting problems superlattices or
multilayers are very suitable systems to study magnetic
properties of ultra thin films, surface effects, periodicity

effects, etc.. Due to this special properties a wide range of
metallic multilayers have been studied with different
techniques 77 In our case we are mainly concerned with
the iron-silicon system. Early studies on the magnetic
properties of amorphous Fekaix thin films were performed by

Y. Shimada et al.7 and by D. Bloch et al.a, in this studies the
range of composition in which a ferromagnetic ordering exist is
available together with some of the structural features, as g
function of x, of the FexSivx alloys. J.M. Alameda et al.
have pointed out that the behavior of the saturation
magnetization as a function of x between the values 0.66 < x =
0.78 is greatly influenced by the particular conditions of the
sample preparation. Clear differences are evident in the
magnetic behavior of sputtered samples and evaporated samples
pointing out the influence of the short range order effects.

EXPERIMENTAL AND DISCUSSION

We will describe in this part the magnetic properties of
the multilayered system FerxSix / Si. Details about sample

preparation can be found elsewhere“’. The magnetic studies have
been carried out as a function of the composition ( x = 0.25,
0.3) and as function of the modulation length (A\) ( thickness
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TABLE I. Thickness and composition of the two series of samples

SAMPLE Fe Si / Si A Fe Si / Si A

75 25 70 30
(A) (A) (R) (A) (R) (A)

1 4.4 2.2 6.6 2.2 1.4 3.6

2 8.8 4.4 13.2 4.4 2.8 7.2

3 17.6 8.8 26.4 8.8 5.8 14.4

4 35.2 17.6 52.8 17.6 11.2 28.8

of the Febeix layer plus thickness of the Si layer) by using

conversion electron Mossbauer spectroscopy (CEMS) and SQUID
magnetometry. The total thickness of the samples of about 0.1
um was determined by wusing Tolansky interferometry. The
amorphous character of the samples was tested by using X-ray
diffraction and by means of low angle X-ray scattering we have
checked the modulated structure of the multilayered system.

MAGNETIC MEASUREMENTS

Magnetic measurements were performed in a commercial SQUID
magnetometer in applied magnetic fields up to 5.5T working in
the temperature range between 1.8 and 300K.The fact that the

curves are not saturated at high field (see Fig. 1) can be
correlated with the existence of non magnetic iron atoms as has
been deduced by means of Mdssbauer spectroscopy = . The

saturation magnetization of the samples increases as the
modulation length increases reflecting that both, the exchange
interactions intensity and the Curie temperature increase as

T
Al
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~ e — s
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FIGURE 1. Magnetization curves as a function of A for the
Fe758125/5i samples with the external field
applied parallel to the sample plane.
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TABLE II. Values of the saturation magnetization and of the
macroscopic uniaxial anisotropy Ko.

Fe Si /Si Fe Si_ /Si
75 25 70 30
_3 -
SAMPLE uB/atom K0 (ergCm ) pa/atom Ko (erngs)

5 S

1 1.60 1.7x10 1.50 4.8x10
2 1.90 3.2x10° 1.80 4.7x10°
3 2.20 1.9x10° 2.10 3.9x10°
4 2.20 2.7x10° 2.20 4.5%10°

well. By means of the law of approach to magnetic saturation13
4
-n/2 2
M(H) = Mo (1 - % a H " %) +axH+bu (1)
n=1 n/2

different magnetic features of the samples were investigated.
The macroscopic wuniaxial anisotropy constant Ko can be
determined from the law of aﬁpﬁgach to magnetic saturation
through the following relation = :

A= C/s) [ K27 M) (2)

where A2 is the coefficient of the H-z term in (1) and Mo is

the saturation magnetization. The coefficient b in (1) can be
calculated from the spin waves theory and it is related to the
spin wavgﬂ stiffness constant D through the following
expression .

b= 3.50 g ( 174np)*? 172

KT ( 8K, ) (3)

We have also studied the thermal behavior of the saturation
magnetization in a constant applied field while heating the
samples from 1.8 to 100K. In presence of an applied field the
experimental data should be analyzed by means of the formula :

M(T)/Mo = 1 - B [F(a/z,tH>/C(a/z)11”2
2

- C [F(s/z,t )/L(5/2)]1T %2 - A T (4)

Where Mo is the saturation magnetization and the definition of

the remaining functions can be found elsewhere . Eq. (4) takes
into account the effect of the applied field on the spin-wave
spectrum, first studied by Holstein and Primakoff . The
spin-wave stiffness constant, D, of the dispersion law is

related to the B coefficient of the modified Bloch’'s law given
by equation (3) through the expression:

B = {(3/2) (gu /M) (kn/mn)”z (5)
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FIGURE 2. Determination of the b values from the Mo vs. lf/
plots in the high field regime.

Two different regimes are clearly evidenced in the thermal
behavior of the magnetization. i) A very fast decreasing of
the magnetization takes place below 30K given values for the B
coefficient that are around 100 times bigger than the

corresponding values for crystalline materials. Similar results
have been obtained in thin films integrated by other

material§lB but it is still not clear what is the origin of
this behavior. In a theoretical paper by Kaneyoshi it is
shown that the effect of the surface amorphization (i.e.
relaxation of the intensity of the exchange interactions at
surface) may produce a thermal behavior of the magnetization
that is very similar to that obtained experimentally. ii) Above
~ 40K a more slowly decreasing of the magnetization is observed
and in this case the values obtained for the B coefficient are
more similar to that corresponding to crystalline materials.

MUOSSBAUER SPECTROSCOPY

The conversion electron M;ssbauer studies have been
carried out by using a "home made"” acetone gas detector. The
single line source was 20 mCi of CoRh. The spectra were
collected at room temperature and the experimental arrangement
is that the gamma rays incoming beam is perpendicular to the
substrate plane. All the spectra show 6 broad and partially
overlapping lines because of the wide distribution of 1local
environments of the iron atoms due to the chemical and
structural disorder. To analyze the P(H) distribution we have
used a method proposed by Vincze in which P(H) is assumed to
be given by a binomial distribution . Furthermore we have
assumed that the intensity ratio between the lines of the
sextuplet is 3:4:1 as indicated by magnetic measurements. The
extra contribution to the two middle 1lines is due to the
presence of paramagnetic iron atoms in the samples because of
the interdiffusion between the Si and I-‘e:’_.x Six layers in the
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TABLE III. Hyperfine parameters of the different samples.
Fe Si / Si
?5 25

SAMPLE I.S. AE <Hf> uo/atom linewidth
(mm/s) (mm/s) (KOe) (mm/s)
1 0.13(1) 1.58(2) 200 1.5 0.33(1)
2 0.12(1) 1.28(1) 204 1.5 0.42(1)
3 0.12(1) 1.52(1) 215 1.6 0.36(1)
4 0.07(1) 0.73(1) 240 1.8 0.38(1)
Fe?o Slao / Si
SAMPLE I.S. AE <Hf> yo/atom linewidth
(mm/s) (mm/s) (KOe) (mm/s)
1 0.13(1) 0.98(1) 168 1.3 0.36(1)
2 0.12(1) 0.87(1) 173 1.3 0.44(1)
3 0.11(1) 0.93(1) 184 1.4 0.42(1)
4 0.11(1) 1.05(1) 212 1.6 0.37(1)

interfaces.The number of Bohr’s magnetons per Fe atom has been
obtained assuming a linear relation between “n and Hf , Hf =
13T/pa. The fact that the P(H) distributions corresponding to
samples having A £ 10A have practically the same width and
values for <H >, allows us to interpret then as due mainly to
interfacial Fe atoms. Hence we assume that the interface has an

extension of about 103 in good agreement with the results

obtained by C. Dufour et al. by using low angle X-ray
diffraction and neutron diffraction in the Fe/Si
multilayered system. Increasing the characteristic modulation

length A, the P(H) distribution moves to higher fields. This
increase may be due to two different causes: a) Variation of
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FIGURE 3. Binomial distributions of the hyperfine fields
as a function of A.
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the magnetic moments of the iron atoms. b) An increase of the
exchange interactions intensity and consequently in the Curie
temperatures. Since the Mdssbauer isomer shift is a direct
measure of the electronic charge density at the site of the
Méssbauer isotope, a considerable variation of this hyperfine
parameter should be detectable if a variation of the magnetic

»

moments takes place .

It is evident from Table III that this is not our case, so
the increase of <H > must be attributed to an increase of the
exchange interactions intensity and consequently in the Curie
temperatures .
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MOSSBAUER SPECTROSCOPY OF THE Fe/Ni INTERFACE

E. Colombo, O. Donzelli, G.B. Fratucello and
F. Ronconi

Dipartimento di Fisica, Universita' di Ferrara
via Paradiso 12, I-44100 Ferrara, Italy

INTRODUCTION

The interfaces of magnetic thin films and multilayers
exhibit characteristic behaviours which are object of in-
Ccreasing experimental as well as theoretical i1nvestigations.
A*  least one of the component layers of these systems is
nagnetic, wusually 1iron; in Fe-Ni thin films both the
components are magnetic. Fe/Ni films grown in the fcc
structure differs from all the others system in that they
can exhibit the well known Invar anomalies of the
corresponding disordered alloys (Window, 1973). Thin fcc
NiyFej_yalloy films have been studied in the whole range of
composition as well in the Invar region 0.32<¢x<0.39 (Dumpich
et al., 1987, 1988). Ultrathin fcc Fe-Ni films, prepared by
alternating the deposition of Fe and Ni, could exhibit Invar
behaviour if one takes in to account that interdiffusion can
occur during evaporation of Fe on Ni creating intermixing of
Ni atoms in Fe-rich regions and therefore Invar ultrathin
films. This possibility has been investigated by us
expecially by Conversion Electrons Moéssbauer Spectroscopy
(Colombo et al., 1987; Fratucello et al., 1989): the
MGssbauer Spectroscopy of the resonating 57-Fe isotope can
give valuable informations of different kinds of short-
range orders through the analysis of the distribution
function p(B) of the hypefine fields. Our CEMS results
suggest a layer by layer growth of fcc gamma-Fe on (111) N1
and that interdiffusion 1s confined within two monolayers
ML. Contrary to alloy thin films our samples are near to the
ideal structure in which one ultrathin f.c.c. film of pure
gamma-Fe is interfaced with (111) f.c.c Ni: in this case the
influence of the magnetic properties of pure gamma-Fe in the
film should be taken in to account. We shall come back to
these subjects in this paper in which results obtained in
ultrathin Fe-Ni films will be shown and discussed.

EXPERIMENTAL

Fe-Ni films have been , oduced by thermal evaporation
in vacuum (10°°% tor) by growing a Ni underlayer 1000 A thick
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onto different substrates, mica and mylar, held at 300 °C or
at room temperature RT. Ni can pseudomorphically grow on
heated mica as (111) coherent crystals containing growth
faults with grain size much larger than the film thickness
so that their influence on the magnetic properties 18
expected to be negligible; on the other hand Ni films
deposited on mica at RT also show (111) texture but, owing
to reduced surface diffusion, they reproduce characteristic
surface defects of mica obtained by cleavage. On the
contrary Ni deposited on mylar at room temperature 1is
polycrystalline with crystal size of about 150 A (Colombo et
al., 1987); strains seem absent in this case while (111) Ni
layers on mica are strained because the oxigen atoms on mica
planes- form a pseudohexagonal lattice with distance of 2.65
A, 6% greater than the first nearest neighbors distance
equal to 2.49 A in bulk Ni (Fratucello et al., 1989).

The deposition of Fe-Ni bilayers follows the Ni
underlayer preparation: common growth condition for any
sample were deposition rate (1 A/s) and growth temperature
{25 °C); all the samples have the same multilayer structure
obtained by alternating the deposition of one Fe film and
one Ni film five times at room temperature to avoid bulk
diffusion. The last Ni layer (overlayer) prevents the
oxidation of the Fe layer; after the underlayer preparation
some of the samples were simultaneously deposited, onto
different substrates, to make sure equal growth conditions.
Rate of growth and film thickness were measured in situ by
quartz oscillators.

RESULTS
In this work we shall discuss results, prepared
according to the above described process, having the

following structure:

A: mica/Ni underlayer at 300 °C / 5 A 57fe/ 200 A Ni at RT

B: mica/Ni underlayer at 300 °C / 12 A ’°Fe/ 5 A ?7Fe
/ 200 A Ni at RT

C: mica/Ni underlayer at 300 °C / 6 A 3fFe/ 5 A 37Fe
/ 6 A °"Fe/ 200 A Ni at RT

D: mica/Ni1 underlayer at 25 °C / 12 A S%Fes/ 5 A ?7Fe
/ 200 A Ni at RT

sample B and D were simultaneously deposited onto Ni
underlayer to study the effect of the temperature on
substrate and underlayer; samples B, C and D all have the
same Fe total thicknessoof 17 A; the total thickness of the
samples 1s about 2000 A.

It has been shown that pure fcc (gamma-)Fe films, 15 .
thick, can be epitaxially grown onto (001) Ni single
crystals, without misfit dislocations and compressed to
match the Ni lattice constant (Matthews and Jesser, 1969).
We have suggested that ultrathin gamma-Fe films can also
grow onto (111) Ni films up to a thickness of 15-20 A. X-ray
diffraction patterns of our samples did not show tne
presence of bcc phases; a single fcc phase appears
corresponding to the characteristic interplanar distance of
Ni (Colombo et al., 1987). és—prepared Fej-xNix alloy films
in the Invar region, 2000 A thick, exhibit two distinct
peaks corresponding to bcc and fcc phases in almost equal

210




proportion (Dumpich et al., 1987); the X-ray resolution
lower bound to reveal the presence of one different phase in
a crystalline matrix of atoms of nearly equal atomic weight
is 5%: we have taken 1in to account that this value
corresponds to Fe percent contribution in our samples.

CEMS spectra were obtained using a conventional
constant acceleration Mdssbauer spectrometer connected with
a 512 multichannel analyser; the cosine smearing Jf the
velocities was eliminated by folding double symmetric
spectra. o

The sampling depth of this technique is about 2000 A,
equal to the total thickness of the samples.

Fits of the spectra were obtained using the Le Caer-
Dubois method (1979); the resulting hyperfine fields
distribution functions p{(B) are shown in Fig.l.

DISCUSSION

The mean values of the hyperfine fields of the
distribution function p(B) in Fig. 2 are 26.1 T, 31.1 T,
31.8 T and 26.2 T for samples A, B, C and D respectively;
these values cannot be fitted into the usual curve of the
mean values of hyperfine fields in fcc FeNi alloys (see e.g.
Dumpich, 1988, Fig. 7). In fact a magnitude of about 24 T
should be expected in the Fe-rich Tnvar region corresponding
to a possible situation of our films if they were strongly
intermixed; a better understanding can be obtained by the
distribution function p{(B) of the hyperfine fields. Ullrich
and Hesse (1984) have shown that Invar alloys have a broad
hyperfine fields p(B); the analysis of their distribution
functions indicates a number of peaks corresponding, in the
framework of a magnetic model based on a Heisenberg
hamiltonian, to different numbe:r n of first nearest
neighbours Fe atoms giving the maximum hf at n=9. Moreover
they pointed out that in their polarized gamma-rays
Mossbauer spectroscopy, in contrary to the usually presented
p(iBl) distributions (like 1in this work), the vector
character of the magnetic hf, and therefore its sign, was
considered and found antiparallel to the normal
ferromagnetic direction giving indirect evidence of the
existence of antiparallel Fe-moments even at room
temperature for n=11,12 1i.e. up to pure gamma-Fe
environments. On the other hand the p(B) functions in thin
as-prepared alloys Fe-Ni films (Dumpich et al., 1989) show
only one main peak at 33.5 T and a shoulder at 31.5 assigned
to the occ and fcc phase respectively; only after annealing
at 850 K they observed again the typical broad
distribution of bulk Invar alloys.

Our sample A shows an intermediate behaviour because
its p(B) is not broad enough to be bulk-like nor sharp
enough to be assigned to a well defined short-range order
like the one suggested by Dumpich (1989); more than 70% of
this p(B) has a peak at B=30.1 T, 11% at 27.0 T and the
remaining part gives a tail 1n the low-fields region;
contrary to all the other samples whose Fe-thickness is 17
A, 1n this sample the Fe-thickness is 5 A, i.e. 2.5 ML.
Assuming interdiffusion confined within two ML and observing
that this sample has two Ni/Fe interfaces, we believe that
the behaviour of p(B) is due to the existence of different
short-range orders on both interfaces.

Sample B clearly shows high-spin states evidenced by
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the dominant peak (more than 91%) in the high-fields region;
even after the gaussian analysis of this peik we find the
main contribution at 34.0 T (63.9%) and a second
contribution at 30.4 T (27.6%). We assign the main
contribution to the Ni/Fe interface; sample D,
simultaneously grown with sample B, essentially shows the
same hf (33.7 T, 34.2%, 27.5 T, 44.2%) with a decrease of
the interface field contribution due to defects of the Ni
underlayer evaporated at RT in sample D instead of 300 oC
growth temperature of sample A substrate; the isomer shift
in samples B and D were found equal to about 0.020 mm/sec
and 0.030 mm/sec respectively giving further confirmation of
the existence of local environments different from the alfa-
Fe bcc phase.

Finally sample C shows one Zeeman sextet with hf
basically at 33.5 T; sample C has not Ni/Fe interfaces and
therefore the observed hf should be assigned to higly

susceptible and pure gamma-Fe in the magnetic environment of
the Ni multilayer structure.

CONCLUSIONS

The sharp peak of the distribution function of the
hyperfine fields p(B) of sample B and the fairly broad p(B)
of sample D, both simultaneously evaporated in the same
growth conditions (temperature, pressure, growth rate and
Fe/Ni multilayer structure) onto 1000 A (111) Ni underlayers
grown on mica at 300 °C and 25 °C respectively, give an
indirect evidence for a layer-by-layer growth of wultrathin
(17 A) fcc Fe films on (111) Ni of sample B in a nearly
perfect Fe/Ni interface having one hyperfine field equal to
24.0 T. The p(B) broadening of sanmple D shows that as the Ni
underlayer and mica substrate are rich of defects owing to
lower growth temperature, than more than one short-range
order is detected by Conversion Electrons MGssbauer
Spectroscopy in the 2.5 ML of resonating 5’Fe in the
interface region, and correspondingly different components
of the hyperfine fields; one of two component in the high-
field is again due to the Fe/Ni interface field near to a
second one at 27.8 T of about the same percent contribution.
The low-field contribution, not negligible (21.6 %) in
sample D, gives negative isomer shift (-0.130 mm/sec) in the
low-fields region and positive ( 0.020-0.030 mm/sec) in the
high-fields region.

The shacrp peak at 33.5 T of the distribution p(B) of
sample C, not having Fe/Ni interfaces, suggests the
existence of a high-spin, highly susceptible fcc phase of
pure gamma-Fe in the magnetic environment of the Fe/Ni
multilayer structure of these samples.
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ANALYSIS OF AMORPHOUS DYSPROSIUM-TRANSITION METAL
NANOSCALE MAGNETIC MULTILAYERS
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University of Nebraska, Lincoln, NE 68588-0111, U. S. A.

ABSTRACT

A theoretical model has been developed recently to understand the magnetic
properties of compositionally-modulated films (CMF) or multilayers. In this paper.
the magnetization and anisotropy and their distributions in Dy/Co CMF along the
film normal are analyzed in terms of this model. Also this model is further checked by
measuring the temperature dependence of magnetic properties for Dy/Co CMF and
cntrasting the magnetic character between Dy/Ta and Dy/Co CMFs. It is found that
the calculated results are in good agreement with the experiments when the bilayer

thickness is small enough (< 164).

INTRODUCTION

Compositionally-modulated films or multilayers have enjoyed more aud more at-
tention in recent years for both the studies of interface magnetism and their promising
applications, such as perpendicular magnetic and magneto-optical recording. We have
developed a detailed model to understand the magnetization and anisotropy and their
distributions along the film normal'2. In the present paper, the magnetic propertics
of Dy/Co CMF are analyzed in terms of this model, and also this model is further
checked by measuring the temperature dependence of magnetic properties for Dy/Co
CMF and comparing the magnetic properties of Dy/Ta and Dy/Co CMFs.

MODEL ANALYSES

The basic idea of this model is to divide the RE/TM CMF into thin slices each
of which can be regarded as a two- dimensional amorphous film and thus the resultant
magnetic properties are obtained by taking the average over the whole volume of the
CMF. In this model, a modified mean-ﬁclf model is used to analyze the distributions
of magnetization including the total, rare earth(RE), and transition metal(TM) mag-
netizations, and a single-ion anisotropy model is used for analyzing the anisotropy.
Some results from this model are listed below without proof. A brief discussion of
the procedure for obtaining these results is given in Ref.[1] and the further details are
given in Ref.[2].

(A) The atomic distribution of constituents are sinusoidal for RE/TM CMF
(RE=Th, Dy, and TM=Co, Fe) when the bilayer thickness A < 16A.

(B) The relationship between the intrinsic anisotropy A, the distributions of
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RE-subnetwork magnetization and constituent atoms can be expressed as

. A
I\u=E<MRE(z)2>X (1)
for the CMF with thin layer thickness, where € is a constant and A is the peak-to-peak
compositional modulation of the constituents. < Mgg(z)? > is the statistical average
of RE-subnetwork magnetization squared over the whole sample and (A/)) the aver-
age gradient (or anisotropic distribution) of the constituent atoms.

LayerThickness Dependence of the Magnetization Distribution and Anisotropy

Figure 1 illustrates the distributions of Co atom and magnetizations, which in-
clude the total, Dy- and Co-subnetwork magnetizations, along the film norinal. These
curves present a microscopic picture to understand the structurc and magnetic be-
havior for Dy/Co CMF. Figure (1a) shows: (1) The Co atomic distribqution Cco has
small fluctuations with Cco(min)=0.50 and Cco(mazy=0.62 for 8ADy/3.5ACo; the nom-
inal layer thickness of Co is on{y about one monolayer and the interdiffusion between
Dy and Co atoms makes the distribution curve relatively flat. g) We notice the mag-
netization in the central Dy region is zero because the Dy,_.Co. alloy is disordered
magnetically at room temperature as Cc, < 55% 2. (3) In the central Co region the
magnetization of Dy-subnetwork, not the Co-subnetwork, dominates. This behavior
follows since Cco(mar) is only 62% and the Dy-subnetwork has much larger magnetic
moments (gJ=7.3) than that of Co-subnetwork (gJ=1.5)2. Figure (1b) shows: (1)

Compared with 8 ADy/3.54Co, the Co atom distribution of 8 ADy/8ACo has rela-
tively large fluctuations with Co(min)=0.62 and Cco(maez)=0.81. (2) The magnetization
of Dy- and Co-subnetworks dominates in their own regions, respectively, and at the
nomnal boundary they are compensated nearly. The magnetic state of this sample is
near the compensation point with small total magnetization. (3) Compared with Fig.
(la) where the Dy-subnetwork magnetization is disordered in the central Dy region,
both Dy- and Co-subnetwork magnetizations are ordered in the central Dy region.
The reason is that C¢, =~ 0.62 there, and the exchange interactions between Co- and
the Dy-subnetworks make both subnetworks orderedg and Dy moment dominates for
its much larger gJ value as pointed out before.

Equation &1) indicates that the intrinsic anisotropy K, can be calculated if the
magnetization distribution of the RE-subnetwork and the amplitude of the compo-

sitional modulation are determined. We take 84Dy/XACo (X=3.5,6, 8, 10) as an
example and the Mp,(z) and A value can be found from Fig. (la) and (1b) for

8ADy 3.5;1C0. and 8 ADy/8ACo. The intrinsic anisotropy I, is fitted to the experi-
mental data with £ as an adjustable parameter and the result is shown in Fig. 2. The
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Fig. 1. The distributions of Co atoms and magnctizations
for 84Dy/3.5ACo (a) and 8ADy/8ACo (b).
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following features should be pointed out: (1) The agreement between the experimental
data and calculated results is very good. (2) The rapid fall of K, as Co layer thick-
ness approaches 3.5 A is because the Dy-subnetwork magnetization is disordered in the
central Dy region and A value decreases as the Co layer becomes th‘i'nner as shown in
Fig. (1la). The decrease of K, as the Co layer thickness goes to 104 is because both
the Dy-subnetwork magnetization and (A/)) value decrease as the Co layer thickness
becomes thicker. (3) The fitted value of £ >~ 4.7 x 10~6cm leads to an average value
of the single-ion anisotropy parameter D ~ 2.2 x 10~ erg which is very close to what
Las been found for 6ADy/XACo CMF in Refs.[1, 2).

Many efforts have been made to investigate the magnetic anisotropy and its origin
in the thin films. Often, three sources of anisotropy are suggested to be the candidates
for PMA: these include dipolar-interaction, single-ion anisotropy and stress-induced
“or magnetostrictive” anisotropy. Reference[2] gives a detailed analysis and concludes
that the single-ion anisotropy of the RE ions with orbital angular momentum is the
main origin of PMA. The good agreement between the experimental and calculated
results for 84Dy/X ACo confirms once again that this conclusion is correct. To further
test this model, the temperature dependence of PMA and the comparison of magnetic
properties between Dy/Ta and Dy/Co CMFs are presented below.

Temperature Dependence of Magnetic Properties

Figure 3 shows the magnetic properties for YADy/6ACo (Y=3.5, 5, 8, 11, 14) at
300 K and 4.2 K. It is seen clearly: (1) The intrinsic anisotropy K, is much larger at
4.2 K than at 300 K. For example, the maximum K, is about 1.4 x 107erg/cm?® at 4.2
K and only 2 x 10%rg/cm® at 300 K. This is attributed to the fact that the single-
ion anisotropy of Dy 1on is proportional to its magnetization squared which is well
ordered at 4.2 K. (2) Both at 4.2 K and 300 K, sample 54Dy /6 ACo. whose individual
layer thickness of Dy and Co are about 2-atomic layers, has the maximum values of
anisotropy. This feature can be understood in terms of Eq. (1): the individual layer
thickness of about 2-atomic layers may show the largest anisotropic distribution of
constituent atoms, i.e. the largest value of (A/I\/}[) (32 We notice that at the com-
pensation points where the toté magnetization M=0 at 300 K or 4.2 K, the intrinsic
anisotropy K, has a rather large value. This implies that not the total magnetization,
but the Dy-subnetwork magnetization gives the major contribution to the anisotropy.
All these three points are explained by our model reasonably.

Comparison of the Magnetic Properties between Dy/Ta and Dy/Co CMF's

Equation (1) shows that the intrinsic anisotropy is proportional to < Mgg(z)? >
and ( A(}/\). More detailed analysis indicates that the region near the nominal bound-
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Fig. 2. A comparison between the Fig. 3. Anisotropy and magnetiza-
calculated and experimental tion for YADy/6ACo (X=3.5, 5,
anisotropy for 84Dy/XACo 8, 10) at 300 K and 4.2 K.

(X=3.5, 6, 8, 10).
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ary may give the major contribution to the anisotropy because the distribution of
constituent atoms has the maximum anisotropic character there. However, if the value
of Dy-subnetwork magnetization is small, this region will not contribute to the anisot-
ropy appreciably. Samples of Dy/Ta and Dy/Co were prepared to test this behavior.

An example of hysteresis loops for YADy/6ACo (Y=3.5, 5) and YADy/6ATa
(Y=3.5, 5.25) at 4.2 K are shown in Fig. (4a) and (4b), respectively. The follow-
ing features should be noticed: (1) Sample 5ADy/6ACo exhibits larger total mag-
netization than that of 5.254/6ATa. Since Ta is nonmagnetic, the total magnetiza-
tion of 5;25;4Dy/6;1Ta is determined uniquely by the Dy-subnctwork. However, for
5ADy/6ACo the Dy- and Co-subnetwork magnetizations are coupled antiferromagnet-
ically and Dy-subnetwork magnetization dominates. Thus the Dy-subnetwork mag-
netization is the sum of the total and Co-subnetwork magnetization. Consequeut%y
the Dy-magnetization of 5ADy/6ACo is much larger than that of 5.25ADy/6ATa.
(2) YADy/6ACo samples exhibit much larger perpendicular anisotropy than that of
YADy/6ATa. The reason is twofold: First, the Dy-subnetwork magnetization of
Dy/Co CMF is much large than that of Dy/Ta CMF as nentioned above; Second,
the Ta is nonmagnetic an%i thus the Dy-subnetwork magnetization near the nominal
boundary region 1s very small (or zero). Consequently there is no appreciable contri-
bution of anisotropy from this region. In the central Dy region, the Dy-subnetwork
magnetization may be larger, but the anisotropic distribution of constituent atoms
is very weak and thus contribution of anisotropy from this region also is small. (3)
Compared with 3.54Dy/6ATa, sample 5.25ADy/6ATa shows a little stronger perpen-
dicular anisotropy. This is because that 5.25ADy/6ATa sample has the individual
layer thickness of about 2-atomic layers.

SUMMARY

In summary, the results from model analysis agree with experiments reasonably
well. The experimental data only show the magnetic properties resulting from a statis-
tical average over the whole sample; however, the model analysis may offer information
about the micromnagnetic structure. The control of the micromagnetic structure may
ﬁnld important applications in various magnetic or magneto-optic data-storage tech-
nologies.
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Fig. 4. A comparison of hysteresis loops between
YADy/6ACo and YADy/6ATa.
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TRANSPORT PROPERTIES OF THIN METALLIC
FILMS AND MULTILAYERS
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Laboratoire de Physique des Solides, Université Paris-Sud
91405 Orsay Cedex, France

INTRODUCTION

The problem of electron transport in thin metallic films is an old one. The
Fuchs-Sondheimer semi-classical theory [1,2] was worked out fifty years ago and the
influence of the electron scattering by surfaces on the conductivity of thin films was
extensively investigated in the fifties and sixties. A good report on this early stage of the
transport properties of thin films is the review paper by Maissel [3] in 1970. The recent
progresses of the growth techniques has revived the subject. Data on well characterized
ultrathin films have shown the drawbacks of the semi-classical models and led to the
development of quantum theories. Also the interplay between electron transport and magnetic
properties in magnetic multilayers begins to be extensively investigated. In this article, first we
present the Fuchs-Sondheimer theory of the conductivity of thin films and related
experiments. Then we proceed to the recently developed quantum mechanical models, to the
electron transport in multilayers, and finally to the case of magnetic multilayers.

FUCHS-SONDHEIMER SEMI-CLASSICAL THEORY OF THE RESISTIVITY OF THIN
FILMS

The Fuchs-Sondheimer model [1,2] is based on the Boltzmann equation [4]:
0 1
© Egrad, [°)] - 00 + v.grad, fg(v)] )

where g is the departure of the distribution function of the electron gas f(v,r) from the
Fermi-Dirac equilibrium distribution, i.e:

0
gw.) = fv.) -1 %) @
with:
1
£v) = ( , 3)
€y - eF
€xp ——kBT—:I +1
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1 2
g, = imv

E is the electric field and t is the relaxation time supposed to be a function of v only. Eq.1
means that the change of g(v,r) due to the acccleration of the electrons by the electric field E
is balanced by the change due to scattering expressed by the term g/t and the change due to
diffusion which tends to make the distribution uniform. For a bulk metal , g is uniform,
grad[g] =0, and the standard solution is:

©)
Z——E.gradv [f(o)(v)]= etE.v aaf— 4
eV

giv) =

Eq.4 means that the Fermi surface is shifted in k-space by eEt(vg)/ in the opposite direction
to E.The current density is proportional to this shift,

nez'c(v pE

m

We now consider the case of a metallic film of thickness d. The z-axis is perpendicular to the
plane of the film and the current is supposed to be in the x direction. Due to the diffuse part
of the scattering by the surfaces the current density will generally be smaller near the
surfaces. This means that g depends on z and that the diffusion term in Eq.1 does not vanish.
Eq.1 is written as:

E 3 f(0>(v) _E(v.2) +a_g

5)
MV,  dvy v, 0z
The general solution of Eq.5 is of the form:
@
g(v,2) =etEv |1 + Rwyexp(Z) ©)
de, v,

where F(v) is an arbitrary function of v to be determined by introducing appropriate boundary
conditions.

The simplest assumption for the boundary conditions is to suppose that the scattering at
the surfaces is entirely diffuse. The distribution function of the electrons leaving a surface
must be independent of the direction of v. Eq.6 shows that this can be satisfied only if we
choose F(v) so that g(v,0) = 0 for all v having v,>0 and g(v,d) = 0 for all v having v,<0.

Fig.1. Thin film geometry.
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Fig. 2. Variation of the mean value of the electron velocity component along
the field direction as a function of z for the electrons with v, >0 and
v, < 0O respectively.

There are therefore two functions g: g* for electrons with v,>0 and g- for electrons with v,<0:

(0)
g+(V,Z) =etE.v M [l -cxp(i)] 0
£ \4 w z
(0)
g(v,z)=etE.v of (v) 1- cxp(ij;z.)
aeV WZ

With such expressions for g,the mean value of the velocity component along the field
direction varies as {1 - exp (-z/tv,)} and {1 - exp {(d - z) / Tv,]} for the electrons with v, >0
and v, <0 respectively, as shown in Fig.2.

The current carried by the film is given by an expression of the form:

I~ f ev, g(v,2) av @ 8)
to be compared to the current in an equivalent slab of the bulk metal:
3
Jo~fcvxga(v)d vdz ©)]

where gg is expressed by Eq.4. Resorting to polar coordinates:

v, =vcos® , v, = vsin® cosf
d’ = 2 de, 5in® dOdo

one derives the ratio of conductivity of the film to that of the bultk metal:

=
¢ o7 . 2 d d-22
dz | dO© do sin¥O cos P |1 -ex Jcosh( )
f" ]; ] [ Pl 22 cosG' 2 oos@l
0

- — (10
% I f ) f do sin’8 cos

o

|~

L]
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where A = Tv is the mean free path of the electrons in the bulk metal. After integrating over z
and ¢ one obtains:

Sl f (t_‘3 : [15)(1 - exp(ckt )]dt Q)

where t = 1/cos®,k = d/A = thickness/mean free path. Approximations can be made for large
and small k:

o 3 d
—=1- fork=—>>1 (12)
o, 8k A
g=3Tk(1n—1+0.423) for k = 3 <<1 (13)
c k A

0

It is also useful to derive expressions of the resistivity as a function of d and A. With
po=mvg/ne?A, Eq.12-13 are written as:

_mvef1 3
P _*2[?@] for A <<d (14)
ne
4m
= V2F 1 for A >>d 15)
3¢ 14 (in % +0423)
which gives the behavior shown in Fig.3.
\/“d In(4)
Q(d) N 1
—_d
R |- IS I
Bulk]
-7 d

Fig.3. The Fuchs-Sondheimer resistivity as a function of the film thickness d
(at fixed A) .
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The limit A<<d is clearly understood: there is a simple addition of scattering rates
proportional to 1/A and to 1/d arising from background and surface scattering respectively. In
the limit A>>d the result of the Fuchs-Sondeimer theory is puzzling as p tends to zero when
the background scattering vanishes ( i.e when A—oo) at fixed d. This seems unphysical: for d
fixed at a finite value one would rather expect a finite surface scattering and therefore a finite
residual surface resistivity. As a matter of fact the assumption of classical point electrons
makes the Fuchs-Sondheimer theory incorrect in the limit A—eo. Electrons with velocities
almost parallel to the surfaces ( v,/v <<1) can propagate with a vanishingly small surface
scattering; more precisely, for electrons with d/A < v,/v <<1, Eq.7 indicates that the function
g s proportional to:

1-exp—2) =1- cxp(ﬂ):d—v (16)
v, Av, v,

By integrating g over a=v,/v down to d/A we do obtain a current density diverging as In(A).
We shall see later that, in quantum mechanical models, this divergence of the conductivity for
A—eo disappears and the resistivity remains finite for finite d. This is because the quantum
mechanical zero point motion excludes momentum states confined in a plane parallel 10 the
surfaces.

Up to now we have considered the case with only diffuse scattering by the surfaces.
The opposite case is that with only specular reflections at the surfaces. Specular reflections do
not change the component of the velocity along the current direction and does not contribute to
the resistivity. In the intermediate case, if one assumes that a fraction p of the electrons are

speculary reflected while the fraction (1-p) is scattered, calculations similar to those presented
above for the case p=0 lead to:

o . 3(p d
—=1-22F fork=—>>1 a7
G, 8k A

instead of Eq.12 and
2 =X+ pnp+0423) fork=2, pea (18)
o, k A

instead of Eq.13. We see that the contribution from the surfaces decreases progressively to
zero as p increases. Fig.4 shows a plot of p/pg versus k for several values of p.

P:O
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Fig.4. Ratio of the resistivity to the bulk metal resistivity as a function of
k=d/A for several values of the proportion of specular reflection .
From Campbell.[5]
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Finally we summarize the results of the Fuchs-Sondheimer theory for the temperature
dependence of the resistivity of thin films. The temperature dependent phonon scattering
H enhances the background scattering (and therefore reduces A), which finally reduces the
cocfficient a=1/pap/a'r with respect to its value in the bulk material o.
o -
NSRS (19)

o, 8k

B (20)

% In (%) +0.423

APPLICATION OF THE FUCHS-SONDHEIMER THEORY TO THIN FILMS

The experimental verification of the predictions of the Fuchs-Sondheimer theory is not
as straightforward as might be expected. This is due to the difficulties in preparing clean films
with well characterized surfaces and to additional effects we will discuss later.

Fig.5 shows an example of good fit between theoretical predictions and experimental
results on a Sn film [6]. A good agreement has also been obtained in extensive studies on
alkali metal films[3]. However, even when there is a good agreement for relatively thick
films, it often deteriorates at small values of k = d/A (say below k _ 10-1), as will be
discussed later. In most films the best agreement is generally obtained for p = 0, that is for
completely diffuse scattering at the surfaces. However certain metals such as Pb, Ag and Au
have values of p very close to 1, provided they have received a suitable annealing treatment.
A typical behavior for "specular films" of gold with p close to 1 is shown in Fig.6.The
deposition of a gold overlayer causes initially an increase of their resistan~e that is attributed to
surface roughening.On the contrary.for "non-specula. films",one observes the normal
decrease of the resistance due to the increase of the film thickness. Resistivity measurements
can be used to probe the surface roughness.The data of Fig.7 show that,for a copper
overlayer deposited on copper,the resistivity increases for a deposition at 80K and decreases
for a deposition at 300K.This clearly establishes that the surface of the overlayer is rougher
for the lower temperature of deposition.For layer by layer epitaxial growth, it turns out that p
is maximum when a layer has just been completed. Fig.8 shows typical oscillations of the
resistivity observed in these conditions [9].

‘oaf.?)
-40——3 =% 5
Fig.5. Log-log plot of the resistivity of Sn films at 38K versus the film

thickness. The solid line is the variation predicted by the
Fuchs-Sondheimer theory with p=0. From Andrew [6].
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Fig.6. Change in resistance of gold films as a function of the thickness of a
surimposed gold layer for "specular films" and a "non-specular film".
The "non-specular” film is obtained by deposition on bismuth oxyde
and its high resistivity can be ascribed to diffuse scattering by its rough
surface. The “"specular films" are obtained by annealing "non-specular
films" and their low resistivity approaches that of the bulk metal,
which is the signature of flat surfaces and specular reflections. The
deposition of a gold overlayer on the "specular films" causes initially
an increase of resistance that is attributed to a surface roughening and a
larger fraction of diffuse scattering. With further deposition of Au the
resistance begins to decrease as the roughness reaches a maximum
while the thickness of the conduction path is increased. The thickness
of all the initia! films is around 100 A. From Lucas [8].
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Fig.7. Change in resistance of a copper film prepared at 300K during coating
with copper at 300 and 80K.From Jacob et al.[7].
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Fig.8. Oscillations of the resistivity of an annealed gold film as a function of
the thickness of a surimposed gold layer. In contrast to the progressive
increase in Figs. 6 and 7, the oscillations of the present case are
characteristic of a layer by laver growth . The resistivity minima can be
attributed to minima in the roughness for an integer number of atomic
layers. From Chauvineau and Pariset [9].

There are several additional effects which also contribute to the thickness dependence of
the resistivity. In polycrystalline films the most important of these effects arises from the
thickness dependence of the gain size. An extension of the Fuchs-Sondheimer theory taking
into account the grain boundary scattering (with some assumptions on the thickness
dependence of the grain size) has been worked out by Mayadas and Shatzkes [11] and applied
to many experimental results.

&
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Fig.9. Low temperature residual resistivity of CoSi, single crystal films

grown on Si(111) as a function of the film thickness. The thin lines

refer to the Fuchs-Sondheimer calculations for different values of the
parameter p. From Badoz et al. {10].
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Neverthless, even when these additional effects are taken into account, there are
systematic departures from the theoretical predictions at small values of the parameter k=d/A.
In recent years the progress of the epitaxy techniques have enabled very thin single crystal
films with long mean free path to be prepared and the departure from the Fuchs-Sondheimer
theory in the regime d/A<<1 to be studied. An example of experimental results obtained by
Badoz et al. [11] on CoSi, is shown in Fig.9. The sharp upturn of the resistivity at small
thickness cannot be fitted with the Fuchs-Sondheimer expressions and has been accounted for
by recently developed quantum mechanical models. These models are described in the next

paragraph.

QUANTUM MECHANICAL MODELS OF THE RESISTIVITY OF THIN FILMS

Full quantum mechanical treatments of conduction in thin films have recently been
worked out by Tesanovic et al. [12] and Fishman and Calecki {13]. We describe the mode! of
Fishman and Calecki. Its starting point is the following Hamiltonian for electrons (or holes) in
an ideal film with perfectly plane surfaces.

2

Ho=2—+V Y(z—%d)+Y(—z—%d) @1

where Y(z) is the step function and V is the potential height outside the well for z>d/2 and
2<-d/2. The quantization of the energy associated with the motion along the z axis gives rise to
sub-bands and the energy in the sub-band v is written as:

Eyx=Ey +\h~2k2/2m (22)

where k is a two-dimensional wave vector in the plane parallel to the surfaces. If the surface at
z=d/2, for example, is rough, its equation becomes:

z=dp +f(p) (23)

where p is a two-dimensional vector in the (x,y) plane ( f(p)<<d) and the scattering potential
induced by the roughness is written as:

U=V{Y[z-g—-f(p)]-Y(z-%)}:-Vf(p)S(Z-g—) 24)

U is the only scattering potential in the model. There is no additionnal background scattering
(in the notation of Fuchs-Sondheimer A=e0), so that the model is implicitely worked out for
the case A/d>>1. In particular the model cannot describe the situation with the non-uniform
current density occuring in the Fuchs-Sondheimer theory for A/d<1. Thus, whereas the
Fuchs-Sondheimer theory is relevant for relatively dirty systems, the Fishman-Calecki model
is appropriate to describe very thin-high purity samples for which the Fuchs-Sondheimer
theory is inadequate.

We now summarize the results obtained by calculating the scattering of the eigenstates
of Hy, Eq.21, by the roughness potential U, Eq.24. The simplest results are obtained in the
limit Eky<1 where k; is of the order of magnitude of the wave vector at the Fermi level and §
is the correlation length of the roughness function f(p) (for metallic films the condition gk, <1
is obeyed if the surface profile is rough at the atomic scale). We first consider the case of a
metal for which the number of occupied sub-bands N is very large. In this case the thickness
dependence of the resistivity calculated by Fishman and Calecki [3] is written:
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This expression, for 10A<d<200A and n=3x1022cm-3 is equivalent to p~d-21. The
experimental thickness dependence of the resistivity for the metallic films in the limit d<< is
in much better agreement with p..d®, o g 2 predicted by the quantum mechanical models
than with the variation p~d-! of the Fuchs-Sondheimer theory. For Co Sij thin films Badoz et
al [10] derive a = 2.3. Fig. 10 shows the good agreement obtained by Fishman and Calecki
between their calculation (solid line) and the experimental results of Badoz et al on CoSiy. The
best fit is obtained with & = 2 A for the correlation length of the roughness function, A = 4
for the root mean square of the height of the bumps on the surface and n = 3 x 1022cm3 for
the electron density.

In the opposite limit, for N = i (one occupied subband), a variation of p as d-¢ is found
in the model of Fishman and Calecki. This is a well known limit for bi-dimensional
semiconductors. For metals, N can be a relatively small integer only in films composed of a
few ML. In this thickness range the variation of the resistivity as a function of the thickness is
expected to show oscillations correlated with the change of N between integer values and
superimposed to a crossover from a=2.1 to & = 6. To our knowledge such quantum size
effects have never been observed up to now.
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Fig. 10. Low temperature inverse residual resistivity o(d) = [p(d) - p(e)] 1 as a
function of the film thickness d for two CoSi2 samples. Symbols :

experimental results of Badoz et al.[10]. Solid line : best fit between
the data and the Fishman-Calecki model [13].
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ELECTRON TRANSPORT IN MULTILAYERS

The theoretical models developed to describe the resistivity of multilayers are extensions
of the Fuchs-Sondheimer theory for thin films. The simplest and most convenient model has
been worked out by Carcia and Suna [14]. These authors introduce a probability p of coherent
passage across an interface which is equivalent to the probability p of specular reflection in the
Fuchs-Sondheimer theory. The probability of diffuse scattering at the interface is 1-p ( this
implies that the probability of specular reflection is zero). The calculation is similar to that
described in 1: the functions g+(z) and g-(z), because of the interface scattering, have a
minimum at the interfaces (g=0 at the interface if p=0) and vary exponentially inside the
layers. The total current is obtained by integrating g over z, and Carcia and Suna [14] find for
the conductivity of the multilayer:

6(d)+dy)=d;6,+d,0,+(A;0,+A,02)p-1101-1,0,] 1 - (1-pD)[6,AJ;+0,5A7],] (26)

where d, and d, are the layer thiknesses, 6;, 0, and A, A, are the conductivities and mean
free paths of the two metals, and:

1

N ceN( -

(-2 | autd “7)(12 e) (1-¢y)

(1-peer

le% duu (1-u2)2(1 -e1)er @n
(1-peey
1-pdHa-
(1-pewey

with e; =exp( - di/A;pn)

It is easy to check that these expressions of the conductivity bears a ressemblance with the
expressions of the Fuchs-Sondheimer theory. For example, for 6,=0,=0p, A;=A,=A, p=0
one obtains for s exactly Eq.11, as expected for the situation of independent thin films of
thickness d and mean free path A. The limit k=d) >>1 again gives the typical variation of the
resistivity as d-1, Eq.14 :

o~L 1 +3/84 1 (28)

When p is different from 1, the contribution from the interfaces to the resistivity
decreases and, in addition, there is some averaging of the relaxation rates in the two metals. In
the limit A ,A,>>d,; d, the current is uniform and there is complete averaging of the relaxation
rates due to interface scattering and to background scattering in the metals 1 and 2.

A more sophisticated model has been developed by Dimmich [15]). This model
introduces different parameters p, and p,, where py (p,) is for the passage from metal 1 (2) to
metal 2 (1), and takes into account the scattering by grain boundaries in polycrystalline films.
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Fig. 11. Resistivity at 77 K of Pd/Au multilayers as a function of the

multilayer periodicity. The solid curve is calculated from Eqs 26
and 27 with p=0. From Carcia and Suna [14].

There are few experimental results on the resistivity of metallic multilayers. In Fig. 11
we show the thickness dependence of the resistivity of Pd/Au multilayers at 77 k ; a
satisfactory fit is obtained by calculating the resistivity from Eq. 26 and 27 with p = 0. At
room temperature it is necessary to introduce some coherent transmission (p # 0) to account
for the experimental results [15]. The experimental results are too few and more extensive data
are needed for a better insight into the physics of the electron transport in metallic multilayers.

Finally, as in thin films, quantum size effects are expected in multilayers as well. In a
superlattice with a periodicity of n atomic planes, the Brillouin zone is reduced by a factor n in
the perpendicular direction to the layers. This leads to folded dispersion curves of the
electrons and to (small) gaps in the conduction band. For metallic multilayers with layer
thicknesses in the ML range (and very well defined interfaces) the resulting oscillations of the
resistivity as a function of the layer thickness could possibly be detected, especially in the
perpendicular direction.

TRANSPORT PROPERTIES OF MAGNETIC FILMS AND MULTILAYERS

The magnetic thin films and multilayers present specific effects that are related to the
interplay between electron transport and magnetism. First the transport measurements are a
convenient tool to follow the field dependence of the magnetization, through the Hall effect
and the magnetoresistance [16). In addition the giant magnetoresistance of the magnetic
multilayers is an interesting specific effect that we will describe in some detail. The first
example of this giant magnetoresistance was found in Fe/Cr superlattices by Baibich et al.[7].

Typical results are shown in Fig.2.This magnetoresistance is associated with the existence of
antiferromagnetic exchange coupling between the Fe layers accross the Cr layers (the Cr
layers are non-magnetic or weakly magnetic). At zero field the magnetizations of neighbor Fe
layers are antiparallel and the resistivity has its maximum value.By aligning the magnetizations
of all the layers with an applied field,one reduces the resistivity.In Fig.12 the reduction factor
is almost two for the sample having the thinnest Cr layers.When the Cr thickness is
increased,the magnetoresistance decreases steeply. The dependence on the thickness of Fe is
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less pronounced. As the temperature increases, the magnetoresistance decreases but is stll
very large at room temperature (around 20% in some samples). This is of interest for
] applications to magnetoresistive sensors.

Similar results have also been obtained for Fe/Cr multilayered structures by Binasch et
al.[19], Krebs et al.[20], Parkin et al.[21], Araki et al.[22].

The giant magnetoresistance of the Fe/Cr multilayers has been ascribed to spin
dependent scattering by the interfaces or, alternatively, by impurities or defects within the
Fe layers {17, 23-25]. This spin dependence is related to the spin dependence observed for
impurity scattering in ferromagnetic metals such as Ni, Fe or Co [26]. In these metals there is
no spin-flip scattering at T<<Tc (because the main spin-flip scattering mechanism is via
exchange interaction between the s carriers and the d electrons, that is, through creation or
annihilation of spin waves),so that the current is carried by the spin T and spin { electrons in
two independent channels. This is the "two-current model.” [26] The two currents can be very
different because certain transition metal impurities scatter the spin T and spin | electrons
very differently. This is due to combined effects involving the spin splitting of the host d
band, the spin splitting of the impurity d levels and the different hybndization between the
host and impurity d states for the spin T and spin | directions. For example, Cr impurities in
Fe scatter much more strongly the spin T electrons, which results in a ratio of 6 between the
resistivities of the spin T and spin | channels,r=p T/p | ~6[28].

To describe the mechanism of the magnetoresistance in the simplest way, we first
consider the following limit : (i) electron mean free path A much larger than the layer
thickness, (ii) non-spin-flip scattering, that is, T << T,. For H > Hg the magnetizations of all
the Fe layers are parallel, there is a spin direction that 1s less scattered at all the interfaces and
the resulting short-circuit effect gives a low resistivity ,pg = pTpli(pT + pl) where pT and
pl are the resistivity in the spin T and spin 1 channels. In contrast, for H = 0, an electron
with a given spin is alternately weakly and strongly scattered, which leads to an average value
of the resistivity, p1 = (p1 + pd) /4. The resistivity drop from pjto po during the
magnetization of the sample can be large if pT and pJ are very different.

Nov. suppose that the thickness of Cr, t.; increases and becomes larger than the mean
free path A. From the general properties of the Boltzmann equation, the perturbation of the
electron distribution function cannot extend farther than A. For tcp >> A, there will be an
electron layer of thickness A around each interface affected by the scattering at this interface
but completely independent of the magnetization at the other interfaces. The magnetoresistance
will vanish as exp (- top / A*) (with A* of the order of magnitude of A) [22], which explains
the dependence on t(y.

The magnetoresistance is also expected to decrease as the temperature increases. This is
first because the collisions with spin waves will tend to equalize the spin T and spin
currents, secondly because the reduction of Aincreases tCy/ A.

Several theoretical treatments of the magnetoresistance arising from spin dependent
scattering in magnetic multilayers have been worked out. The model of Camley and Barnas
{23] is based on a semi-classical approach of the Fuch-Sondheiner type and proposes a
numerical calculation of the magnetoresistance. The model of Ref. [24] is also semi-classical
and gives analytical expressions of the magnetoresistance for some simple cases. The model
of Levy and coworkers [25] is based on a quantum mechanical treatement. Typical thickness
dependences predicted by this model are shown in Fig. 14.

Large magnetoresistance effects have also been found in other multilayered structures.
The Co/Ru system is similar to Fe/Cr, with the same type of antiferromagnetic interlayer
coupling but smaller magnetoresistance effects [19]. Like in Fe/Cr where the
magnetoresistance depens strongly on the thickness of Cr, the magnetoresistance decreases
steeply when the thickness of Ru increases,see Fig.13. In addition one remarks that the
magnetoresistance almost disappears for thicknesses of Ru around 13 and 34 A,which is
probably due to a crossover from antiferromagnetic to ferromagnetic interlayer coupling in
these thickness ranges [21].
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The case of Au/Co,Ag/Co and Cu/Co multilayered structures is different [27-31]. The
antiparallel alignment enhancing the resistivity is not obtained by antiferromagnetic interlayer
exchange but by some difference in the coercivities of the odd and even layers. The
magnetization reversal does not occur at the same field in neighbor Co layers and there is a
field range with some degree of disorder in the magnetizations of neighbor Fe layers. The
difference in the coercivity of the neighor layers is obtained by different thicknesses [28,30]
or different crystal structures [27,31]). As a matter of fact, even without any difference
between the odd and even layers, there is still some degree of antiparallel alignment and a peak
of magnetoresistance during the magnetization reversal [29,31]. Interesting results, with a
relatively large magnetoresistance at very small fields have been also obtained in multilayers
based on permalloy and Co. In the work of Dieny et al.[30] on NiFe/Cu /NiFe structures, one
of the Ni Fe layers is pinned by an overlayer of FeMn, while the magnetization of the second
NiFe layer rotates freely. In the work of Shinjo et al [31] on NiFe/Au/Co structures, the
magnetization of the NiFe layer can be reversed at a much smaller field than that of the Co
layer (a MR of 10% at Room Temperature has been obtained in these structures) . In Fig.15
we show the large magnetoresistance (20% at 4.2K) recently found in Ag/Co multilayers
having different thicknesses for the odd and even layers of Co [32].
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MICROMAGNETICS OF LONGITUDINAIL RECORDING MEDIA

P.S. Alexopoulos, I.R. Mcl-adyen, 1.A. Beardslev, T.A. Nguyen and
R.IL Geiss

IBM Research Division
Almaden Research Center
650 Harry Road

San Jose, CA 95120-6099

INTRODUCTION

T'uture needs in high density magnetic storage devices require increascs both in
lincar and track densities. ‘The latest | Gigabit per square inch areal density for
longitudinal mecdia demonstrated by IBM' has reduced the bit size to dimensions
comparable to the characteristic micromagnetic length scales of todays media.
Improvement or extension of the current recording linits requires detailed knowledge
of micromagnetics and their manipulation or tailoring through the microstructure of the
utilized magnetic thin films.

The recent interest in micromagnetics of “hard” magnetic materials in the recording
industry was a result of the use of metal thin-film longitudinal media as a substitute for
particulate oxide media for high density recording applications.  While cobalt based
alloyed thin film media demonstrated clear advantages in a number of arcas such as:
thickness uniformity, saturation magnetization, squarencss, cocrcivity range, resolution,
processing, etc., they were shown to demonstrate inferior noisc performance in
comparison to oxide particulate media or sputtered y-lI'c;0,2.  The frequency
dependence of noise indicated that the mecasured media noise was associated with the
transitions and was speculated to arise from fluctuations in the zig-zag transitions
between adjacent recorded bits.  [‘urther recording studies by Y.S. Tang and L.
Yarmchuck 3 showed a correlation between the media noisc and transition peak jitter.
An carly investigation of written transitions recorded on a series of cobalt based alloys
using l.orentz microscopy by Alexopoulos et. al.® showed that the domain wall
structures obscrved in the transition zones arc more complex than previously assumed
in the literature and contain not only (180° walls) zig-zags but also vortex structures and
intermediate states between the two.

Effort has been made by a number of investigators to quantify the micromagnetic
structures of written bits by a set of parameters that can cventually be correlated to
material microstructural paramcters and functional performance. These efforts arc
accompanied by parallel cfTorts in the dcvelopment of modelling using large scale
numerical micromagnctic simulations.  This paper presents a short review of the
micromagnetic quantification and simulation studies of thin film magnetic materials
performed by the authors at the IBM Almaden Resecarch Center.

MAGNETIC CHARACTERIZATION OF THIN FILMS

~ The magnetic characterization of thin film magnctic media can be performed at
different levels:  functional performance, macromagnctic, and micromagnetic. The
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Figure 1. Signal-ta-Noise Ratio of CoPtCr and CoPt thin films.

functional performance characterization determines relevant recording paramcters such
as media signal and noise, overwrite modulation, soft and hard errors and rates, etc.

The macromagnetic characterization techniques  include: vibrating sample
magnctometry, torque measurements and ferromagnetic resonance.  These techniques
provide mcasurements of macroscopic magnctic parameters such as  coercivity,
magnetization {remancnce and saturation), squarcness (S & S°), Il etc. These
parameters represent mean values of macroscopic magnetic properties and do not
provide much quantitative information on the distribution of local magnetic propertics
in the film. Even in cases in which the dispersion information is included in the data
(example:  switching ficld distribution or hysteresis loss torque curves) it is practically
impossible to deconvoelute thesc information in order to obtain distributions of specific
parameters such as magnetic anisotropy, exchange constant ctc.

While the macroscopic parameters are uscful for media development they are not
adequate to predict the functional performance of recording media. I'or example, CoPt
and CoPtCr thin films with similar macromagnetic parameters (such as Ilc, Ms, §,8*
etc.) can have dramatically different signal to noisc ratios. Figure | stresses the need for
understanding the micromagnetic propertics of media.

Iinally by the term micromagnetic characterization we mecan determination of
magnetic propertics with spatial resolution comparable to domain wall dimensions.
There arc currently three types of micromagnetic measurements with adequate spatial
resolution for recording media:

1. Lorentz microscopy in Fresnel, Foucault or differential phasc contrast (DPC)
modes.

2. Magnetic force microscopy.
3. Spin polarized electron microscopy,

Lorentz. microscopy is the characterization technique cmployed in all of our
studies. Since Lorentz microscopy is based on transmission electron microscopy, it can
provide high spatial resolution information on domain structures in thin magnetic films.
The conventional phase contrast techniques of Poucault and Fresnel [orentz
microscopy provide image contrast of the domains and domain walls. Differential phase
contrast Lorentz microscopy (IDPC), which is performed in the STEM mode, provides
very high resolution (down to 100 A) and directly mcasures the in-planc magnetic
induction of the thin film sample and the assaciated stray ficlds integrated along the
clectron trajectory 5.
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Figure 2. (a) Foucault and (b) FFresnel images of magnetic track.

IMAGING OF MAGNETIC WRITTEN BITS

Lorentz clectron microscopy in I'resnel, Foucault and DPC modes has been used
to study the written bit pattcrns on cobalt-bascd alloys under a varicty of recording
conditions. I:xamples of Foucault and I'resnel images of magnctic tracks with uniform
bit density recorded on previously DC saturated longitudinal Cog,Cr,, sputtered thin
films with thickness of 150 A are shown in Figures 2a and 2b.

The Lorentz images shown in IFigure 2 reveal three distinet regions in the recorded
tracks: the recorded bits, the transition zones between adjacent bits and a complex
structure at the sides of the bits (side-writing) which is generated by the fringing field of
the inductive head. The Fresnel image (Figure 2b) shows the presence of magnetic ripple
structure in all regions of the track. The structure of the ripple in the bits is very similar
to that in the DDC crased background indicating that the bits are in a saturated
remancnce state. A very complex “vortex like” domain wali structure can be observed
in Figure 2b at the transition zone between oppositcly magncetized bits. The transition
zones were further investigated using discrete magnetic recording tracks and DPC
imaging. DPC images of recorded bits on a discrete track and the induction vector map
calculated from them are shown in IFigures 3a and 3b.
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Figure 3. (a) DPC images and (b) calculated induction vector map of recorded bits
on a discrete track.

A very intercsting [cature of the image in Figure 3a is of an apparent tilted of the
transition zone. ‘The associated induction vector map reveals that there is in fact a
magnetization vortex at this point.

The type of ripple structure observed within the bit and at the transition Zones is
not only very much material dependent as we shall elaborate in the following section but
also correlates with the functional signal-to-noisc measurement. Figures 4a and 4b, for
cxample, show Lorentz images of bits corresponding to ColPt and CoPtCr media with
similar functional performance to the media shown in Figurc . 1t is clear from those
images that the CoPtCr (which has higher signal-to-noisc ratio) has a bctter bit
definition with smaller scale ripple structure in the bits in contrast to CoPt that shows
a high density of vortices.

A threc-dimensional sclf-consistent write process mode} was used to model the
magnetization pattern at the edge of a written track ®. A vector loop model, assuming
an 1sotropic in-plane distribution of anisotropy, was adjusted to match the remanence
and cocercivity of the CogoCr,y, alloy. The grid represented a 0.25x0.015%0.25um volume
of medium. The head field on this grid was obtained using the 3-d finite element TOSCA
model for a head-to-medium separation of 0.1ym Except for a narrow track width, the
head paramecters werce thosc of the standard thin film head used for writing. ‘The
mismatch between the pole tip widths was 1.0um on each side. The hcad was positioned
with its center at the edge of the medium and a single transition was written. The
maximum write field was varied betwcen two and approximately five times the
cocrcivity.  The resultant magnetization patterns were appropriately folded and
duplicated to obtain the patterns in Figure 5.

A comparison between the simulated side-written structure observed in Figure §
and the cxperimental results in Figure 2 indicates very good qualitative agreement.
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Figure 4. Lorentz images of bits of (a) CoPt and (b) CoPtC'r media.
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Figure 5. Simulated magnctization pattern at the cdge of a written track .

QUANTIFICATION OF MAGNETIC RIPPLE STRUCTURE

The micromagnetic ripple or “feather” structure is the result of local minimization
of the total magnetic energy given by the cquation

Elnm[ = l"'ﬂxrhangr + Eanlsnrrop)' + ,"dr'magnrtizing + l"‘/_ﬂ‘man

The exchange interaction in polycrystalline films has two components. The first
component is the interatomic exchange and the second is the intcrgranular cxchange
which describes the interaction between neighboring crystallites. The anisotropy also
has two terms: The crystalline anisotropy which, in the casc of cobalt and its alleys, is
strong and uniaxial with the casy magnetic axis coinciding with the ¢ crystallographic
direction. The stress induced anisotropy is rather small in the case of the cobalt alloys
of interest and can generally be ignored. Since the recorded information is in the
remancnt state, the Zeeman cncergy term is equal to 7zero. The domain size is therefore
determined by the competition between the magnetic forces (exchange and
magnetostatic) and the focal anisotropies.
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Figure 7. Effect of chemical alloying on media ripple structure.

DPC imaging can be used to quantily the angular distribution and the mean
wavelength of the magnetization ripple scen in these film. Since two orthogonal DPC
images provide a complete description of the magnitude and direction of the integrated
in-plane induction through the film they can be uscd to gencratc an image where the
intensity at each pixel is proportional to the direction of the intcgrated induction at that
point, (using & = tan''(y/x)). This corresponds to a dircctional map of the integrated
induction. An imarge of this typc is shown in figure 6a. A greyscale histogram of this
image is shown in figure 6b andpgivcs dircctly the number of pixels (and hence the arca)
within the image which has each given magnetization direction. The two peaks in the
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Figure 8. Cross-section TI:M images showing the cffect of (a) thin and (b) thick
underlayers.

Figure 9. Plane view TEEM images of microstructures of CoPtCr/Cr
thin films using sputtering pressure of (a) 3, (b) 6, (¢) 24 mtorr,

histogram correspond to the two magnetization dircctions within the film. The full
width at half maximum of the peaks is a direct measure of the angular dispersion of the
magnetization within the domains in the image. From dircctional maps of the integrated
induction it is apparent that the magnctization ripple in these films is longitudinal. That
is to say that the magnetization varies to the left and then to the right of the mean
magnetization dircction within a domain as you travel along the mean direction. In one
ripple wavelength the component of magnetization at 90° to the mean direction will start
at a maximum, decrcase through 7zcro to a_minimum, and then increase again to a
maximum. The mean wavelength of the ripple can be obtained by generating the
autocorrelation function of this, transverse, component of integrated induction: For a
wave of period 1 the first zero crossing of the autocorrclation function corresponds to
A/4. The autocorrelation function of the transverse component of magnetization is
generated by taking the DPC image corresponding to the transverse component,
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Figure 10. Simulated micromagnetic structure showing cohcrent magnetization
regions, magnetization vortices and ripple structure.

multiplying it by a copy of itsclf which has been shifted by x’ pixels along the mean
magnctization direction and finding the resulting mean value within the region of
overlap. This mean value as a function of X' corresponds to the autocorrelation
function, and the first zero crossing gives the ripple 1/4 wavclength. Ilence both the
angular distribution of the magnetization about the mean direction and the mean ripple
wavelength can be obtained using DPC [.orentz microscopy.

MICROSTRUCTURE | MICROMAGNETICS

As discussed in the previous scction, the micromagnetic structure of thin films is
controlled by the degree of coupling between the magnetic forces (exchange and
magnetostatic) and by the magnitude as well as the extend to which anisotropy is
distributed. There is a number of ways that thesc intcractions can be controlled through
the microstructure of the thin films. This includes chemical ailoying, use of nucleating
underlayers, and deposition parameters.

In the case of alloying, if the films are continuous and compact, the exchange and
magnetostatic interactions arc both proportional to the saturation moment of the
material. Therefore a reduction of the saturation moment by chemical alloying (with Cr,
Pt, Ni, etc.) will result in a reduction of magnetic coupling. The chemical alloying also
causcs an increase in _the anisotropy ficld strength and therefore gives rise to finer ripple
structure in the thin film media (Figure 7).

A different approach in reducing the magnetic coupling between adjacent grains is
the physical separation of grains or cluster of grains and this resuits in the reduction of
magnetic domain size to the dimension of grain or cluster size. The physical separation
can be Iachieved by manipulating the deposition paramcters or by using an underlayer
material.

Using the Thorton diagram as a guide, recent works on sputtered thin films showed
that by varying the sputtering pressure, deposition rate, substrate temperature, film
thickness, atomic mass, etc.,, one can either fabricate compact and continuous, or
columnar porous films. Deposition of the magnetic thin film on a porous columnar
underlayer replicates the physical separation of grains or column of grains in the
magnetic layer. Figures 8 and 9 illustrate the effect of Cr underlayer thickness and
sputtering pressure respectively. In short, the tailoring of microstructure and hence
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magnetic properties and functional performance of recording media has been achieved
by using a combination of alloying effects and polycrystallinc epitaxy on physically
separated grains or columns.

NUMERICAL SIMULATIONS

Due to the complexity of the problem, analytic solutions of the micromagnetic
cquation are of limited value in the investigation of micromagnetic structures of
polycrystalline recording materials. large scale numerical simulations have been used
by a number of investigators as a reliable and versatile input to the experimentalists. In
these simulations the film is represented as a lattice of up to 256x256 pixels, each pixel,
which is treated as a dipole, represents a grain in the polycrystalline film. The dipoles
act under the influence of an effective field from the local random axis anisotropy,
nearest neighbor exchange, and long range dipole-dipole interactions and the dynamics
of its motion are governed by the Landau-Lifshitz-Gilbert cquation. The simulations
can trace the magnetization distribution in the array as a function of applied field and
generate simulated macromagnetic measurements, domain images and vector maps of
the magnetization distribution for comparison with experimental results.  An example
of a micromagnetic structure is given in figure 10. Cohcrent magnetization regions,
magnetization vortices and ripple structure are plainly visible.

CONCLUSIONS

The understanding of functional performance of rccording media requires the
quantification of the micromagnctics and correlation to microstructural parameters. A
number of tools are now available to carry out this quantification. Numerical
simulations could be invaluable in guiding experimental work and facilitating
understanding of the effects of microstructural parameters on recording performance.
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MO-RECORDING: THE SWITCHING PROCESS AND ITS RELATION TO THE MAGNETIC

PROPERTIES OF THIN FILMS
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P.O.B. 540840, D-2000 Hamburg 54 (FRG)

1. INTRODUCTION

Magneto-optic (MO) recording combines the advantages of optical (high
storage density of about 3107 bit/cmz, contactless writing and reading)
and magnetic (unlimited rewriteability) recording.l:2

The thermomagnetic write process will be described in section 2 using
a bubble-like model.

Thin films of rare-earth transition-metal (RE-TM) alloys with the
general composition GdTb-Fe and Tbh-FeCo are today’s medium for MO recording
(Dy-FeCo is also a candidate).3"® Their essential properties will be
briefly reviewed in section 3.

In section 4 we discuss recording experiments with RE~TM based disks
concerning the write process and the domain stability in dependence on the
laser power and the external magnetic field.

2. THERMOMAGNETIC SWITCHING PROCESS

In a simplified way, a magneto-optical (MO) recording system can be
regarded as a CD player with polarized laser light of tunable intensity and
a disk containing a hard magnetic layer with perpendicular anisotropy. The
information is stored as domain pattern in the magnetic film.l-11

The thermo-magnetic write process is illustrated in Fig. 1. A focussed
laser beam heats the magnetic layer locally to close to its Curie tempera-
ture, where the coercivity decreases and the magnetization can be reversed
by a small external magnetic field, thus creating a magnetic domain. The
read process utilizes the polar magneto-optical Kerr effect, such that the
polarization plane of the reflected light is turned clock- or counter-clock-
wise according to the domain patterxn.

As the MO films are magnetically hard at room temperature, they have
to be heated locally by a laser beam (cmp. Fig.l)in order to write and
erase domains. This process is primarily controlled by the laser-induced
temperature profile, the radial and time dependence of the magnetic proper-
ties, the domain nucleation, and the domain-wall motion. Dynamic magnetiza-
tion processes can only take place within the heated volume where the
coercivity is sufficiently reduced.
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The domain-formation process can be described in a bubble-like
modell?:13 ywith:

- the domain wall energy Ew (contracting), which decreases with increasing
temperature:

By = 2 % h r Cu, (1)
— the demagnetizing energy (expanding) (simple formula for cylindrical domain):

Eqa = 4mMlo * t r° (4 m Ma(r) Ms)/(1 + 3R/2t), (2)

- the magnetic energy in an external field:

Ey = 4Mo * t I r? Ms Hext dr, (3)

- and the coercive energy (frictional)

Ee = 4Mlo * t f r® Mg He dr. (4)
The driving force for wall motion is given by:
F = d/dr E(T(r)); E= Ey + B4 + Eg. (5)

The domain moves for |F| > F., it expands when Fy + Fp > F_ and con-
tracts when Fy + Fp < F,.

A typical radial dependence of the different reduced forces f£=F/(2nh?)
is presented in Fig. 2 for cylindrical symmetry of the do- mains. The curve
f.r¢ represents fy + f4 + £,. The maximum temperature at the spot centre
was, for the sake of simplicity, assumed to be equal to T.. Two radial
(i.e. temperature) dependences of the coercivities have been plotted: a
very steep one and a relatively flat one. The position of the domain wall
is determined by f(ry.)=0 where the domain wall radius R is equal to the
"coercivity radius"™ ry., as indicated for the flat H. (T) ~curve by the arrow.

The requirements to be fulfilled by a magnetic layer suitable for MO
recording are summarized in Table 1. Requirements 1-3 are obvious from the
read and write processes so far presented. The remaining requirements will
be deduced in section 4 from recorder experiments on disks with amorphous
rare-earth transition-metal (RE-TM) films.

Fig. 1. (top):Creation of domains in the
thermomagnetic write process.
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=24

Fig. 2. (right): Radial dependence of the forces f acting on the wall of a
bubble-like domain; f4: demagnetizing force, fu: Boch wall force, fH: force.
of external magnetic field, fc: coercive force.
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Table 1. Requirements on the magneto-optic storage layer

stable micron sized domains: perfect stable domains with a
1. perpendicular magnetic aniso- good SNR:
tropy 4. steep Hs vs T and medium M,
read-out with Kerr effect: 5. a fine microstructure (< 50 nm)
2. magneto-optically active layer and a good lateral homogeneity
with a sufficient figure of
merit R-O? 6. high coercivity and low magneti-

zation at read-out temperature
limited write laser power:

3. Tc = 400 K - 600 K

Additional requirements on the disc structure:

7.long-term stability, sufficient sensitivity (high absorption, suitable
thermal conductivity), low medium noise. This is achieved by a proper
choice of dielectric cover layers.

3. THE MAGNETIC PROPERTIES OF AMORPHOUS RE-TM FILMS

RE;90-xTM, alloys containing heavy rare-earth ions like Gd, Tb, Dy show
a ferrimagnetic order in the range of composition, which is of interest for
MO recording. The TM moments form one magnetic subsystem and the RE moments
the other one. The temperature at which the opposite sublattice magnetiza-
tions are equal in magnitude is called compensation temperature Teomp- It is
found in the very narrow compositional range of 70 < x < 85.11 Typical com-
positions used in storage applications are Gd,pTbsFe;s or Tby;FegsCog.

The characteristic ferrimagnetic behaviour of a RE-TM film is de-
picted in Fig. 3. At Teomp the saturation magnetization is zero, and as it
is impossible to introduce energy by an external magnetic field, the coer-
civity becomes infinity. The Faraday rotation is mainly due to the transi-
tion metal sublattice (transitions of the 3d conduction electrons), and

shows no singular behaviour at Teomp -

The position of the compensation temperature can be chosen by a proper
composition. This effect can be used to control the saturation magnetiza-
tion, the maximum of which is approximately proportional to T = T.omp., and
the coercive field in the high temperature range where the thermomagnetic

Gdg 2. Thog1-Fegrs

406
— 600} Ox 0.16
\E Oty 5=0mpy 2 05 - %‘ Gdplbsfes
< 500 1 M52 kA/mn
X
= 400 {04 0‘”1\
—- H Hy T=30 K
_030
100 < ) o®
E i o —;m \J AV T — 1
E 0.2 EIO 0 %ﬁn
Is0 \
_; 101 —084 )
z 0 1 1 L 0
0 100 200 300 400 500 —

T (K) ~.16-
Fig. 3. Magnetic properties of a Fig. 4. Faraday loops cf 1.2 pm
Gdz24Tb1Fe75 layer (50 nm) versus tempe- domains in a Gd20.5Tb4.sFe75-disk
rature @: saturation magnetization Ms, at room temp.. After saturation
W: coercivity He, o: Kerr rotation Ok. the usual curve is observed.
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switching process takes place. (This will be discussed in more detail in
connection with Tab. 2.) T. is the Curie temperature.

An experimental method was developed to measure the wall coercivity H.Y
and the wall energy ow.7 Faraday hysteresis loops were prepared from a disk
containing domains of radius R (about 1lum) written in a test recorder. A
typical hysteresis curve is shown in Fig. 4. The switching fields H; and H,
correspond to the expansion and the shrinking respectively, of the domains.
The absolute values of H; and H;, differ from one another, because in the
first process wall energy has to be delivered by the external field,
whereas the second process is supported by the wall tension. Wall coerciv-
ity and energy can be expressed by:

Ms HE = (Hi1+Hp)/2 (6a); Ow = Mo Ma 2R + [(H1-H2)/2 - Ms/(143R/2t)], (6b)
where t is the thickness of the film (Eq. (6b) derived via Eq. (5)).

4. RECORDING EXPERIMENTS

The correlation between the switching parameters in recorder experi-
ments and the magnetic properties of the magneto-optical layer can be under-
stood using egs. (1) - (5) together with Fig. 2 as visual aid.

The varjiation of the switching field at constant domain length L with
Te = Teomp 18 given in Fig. 5 for CATb-Fe alloys.l! At lower Tc - Tcomp
values the magnetization in the high temperature range where the switching
occurs is lower and thus higher external magnetic fields are needed to cre-
ate domains of fixed length. The theoretical curve in Fig. 5 is derived
from Egs. (1) -(6) assuming Gaussian temperature profiles. In the case of low
demagnetizing forces the switching energy is mainly given by M *H.,, leading
with M, = const*(T; - T.ony) to a dependence H = const/(T; - T which is
very similar to the theoretical curve in Fig.5.

ccmp) 4

Considerable experimental insight into the switching process could be
gained by Lorentz electron microscopy, which is based on the deflection of
electrons by magnetic stray fields perpendicular to the direction of the
electron beam.l5 Four Tb-FeCo and one GdTb-Fe samples with different compen-—
sation temperatures were investigated by Greidanus et al. (Table 2).34

100
100 T Y ¥ T T
GdTb-Fe
80} ——theory erase
E ’g 50+ :
) 3
bl = 04 4
4O} %
e et x50 1
20 write la 1b 2a 2b
o . . . N -100 v T . r v
i) 100 200 300 L00 S00 15 25 35 45 55 65 15
Te - TeamplK) Read Laser Level (mW)
Fig. 5. Optimal external switching Fig. 6. Read-out without losses in SNR
field Hc for GdTb-Fe films for GdTb-Fe disks with varying layer
(constant domain length).14 thicknesses at a disk velocity of 5m/s.
The lines represent the calculated
Layer stack of Fig. 6: dependence of domain stability.
80nm A1N/45nm GdTb-Fe/Al or Ti la: 21.5nm Ti, 1b: 90nm Ti,

2a: 18nm Al, 2b: 30nm Al
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Table 2.a. Shape of written domains
observed with Lorentz Microscopy

LM MFM O O
. ) Ooo OX0
1 multidom. multidom. (2C§) C)C)()
2 single crescent O
3 single crescent Fig. 7. Imperfect domain shapes,
4 subdom. subdom. (a) multidomain (b) subdomains
5 subdom.

Table 2.b. Composition and magnetic data of the samples of Table 2.a

sample composition Tc Tcomp Tdemag  Hc (T) Ms M3a*

1 Tb2g.9Fe¢2.6C07.5 450 > Tc > Tc¢ very steep low -

2 Tb27.2Fe¢5.5C07.3 461 310 455 steep 35kA/m
3 Tb23.¢6Fes7.6C08.8 473 214 465 steep 90kA/m
4 Tb21.2Fe71.9C06.9 473 <0 440 flat high 170kA/m
5 GdisTbs.sFe7s.5 455 40 very flat  High 120kA/m

The composition, Curie temperature, and compensation temperature are given
in Table 2.b together with their demagnetizing temperature defined as

the temperature where the magnetic layer looses its 100% remanence. The decrease
of the remanence in the vicinity of Tc is due to demagnetizing effects and
not to an in-plane magnetization. Sample 1 does not have a compensation
temperature, its Ms(T) approaches T¢ like the curve in Fig. 3 approches Tcomp.
The Ms(T) curves of the other samples look like the complete curve in Fig. 3
and exhibit a maximum M§?* which is also listed in Tab. 2.b.

In samples 2 and 3 regular single domains are observed (Table 2.a).
This is the desired shape and gives good signal-to-noise ratios in recorder
experiments. In sample 1 not one single domain but several small domains
are observed within the heated area (see Fig. 7a). The mark size is inde-
pendent of the external magnetic field. The reason for this behaviour is
that the coercive field rises very steeply below the Curie temperature
whereas the magnetization rises only slowly. Domain growth is possible only
in a very small temperature range below T. (compare with the steep H., vs T-
curve in Fig. 3, the layer is heated above the Curie temperature) which is
passed too quickly during the write process to allow continuous wall mo-
tion. In specimen 4, the demagnetizing force is predominant due to a high
magnetization, leading to the formation of subdomains within the written
mark (see fig. 7b) whose size is again independent of the external field.

It was found that in samples with high magnetization (where the maxi-
mum of magnetization above the compensation temperature is greater that
about 120 kA/m) subdomains are built due to the high demagnetizing force.

Domain diameters in a Gd,sTbg sFe,g 5 sample (#5 in Table 2) as observed
with Lorentz microscopy show a characteristic dependence upon the applied
magnetic field. At fields below 30 kA/m the mark size is independent of the
applied field and contains several subdomains, indicating that the demag-
netizing force Eq. (2) is predominant (in Fig. 2, £, would have to be much
greater than fy) whereas a linear dependence at higher fields shows that
the external field Eq. (3) is the decisive force there (Fig. 2 corresponds
to this situation). An increase in domain size at the highest applied
fields is accompanied by a significant decrease in the smoothness of the
domain contour, an effect which may be explained by the small coercive
field (‘soft’ intersection of the coercive force with f,¢; in Fig. 2). At
negative fields the domains shrink.
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The domain stability was tested on GdTb-Fe based disks with different
Tb content and different compensation temperatures.’:8 During read-out the
domain patterns are heated. If the domain walls move under the applied
field by only about 20 nm, this leads to a degradation of the signal-to-
noise ratio by more than 1dB. The results of the recorder experiments are
displayed in Fig. 6 in dependence on the applied magnetic field and the
read laser level for disks with a variety of thicknesses of the different
layers in the stack /A1N/GdTb-Fe/Al or Ti/.8

The solid curves represent the theoretical values as obtained using
the magnetic parameters of the disks. A fit to the experimental data was ob-
tained by varying an effective thermal conductivity A ;¢ which is given as
the weighed sum of the conductivities of the layers: IA;+t;. As the heat
capacity is not expected to depend as sensitively on the microstructure as
A, bulk values taken from literature were used in these calculations. The
thermal conductivity of a layer can be obtained by varying its thickness
with those of the others remaining constant. The results are: Al: 190 W/mK
(bulk 240), Ti: 8W/mK (crystalline 22), AlN: 15 W/mK (bulk: 300),
GdTb-Fe: 17 W/mK (crystalline: 54).

The dependence of the read-out stability was also investigated in de-
pendence on the Tb-content.l® From the force equation (Egs.l1-6, visualized
in Fig. 2) we can qualitatively understand that the read-out stability is
increased with increasing Tb content ( - higher coercivity, i.e. frictional
Yorce) and with increasing T.,,, ( - lower magnetization in the high tempera-
ture range, i.e. lower driving force due to Eqs. 2-3 ).

5. CONCLUSION

From the discussion in the previous sections we conclude, that, in
order to achieve perfect domains, we need a steep H, vs T and medium M,
(see Tab.1l). We see that it is advantageous to have a ferrimagnetic medium
with tunable M;. For the stability of the domains we need a high coercivity
and a low magnetization at room temperature and at read-out temperature
(req.6 of Tab.l). The Kerr rotation controlling the read-out signal can be
optimized by choosing a suitable stack with optical enhancement layers.
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MICROMAGNETIC COMPUTATIONS OF MAGNETIZATION

CONFIGURATIONS

J. P. Jakubovics

Department of Materials, University of Oxford
Parks Road, Oxford OX1 3PH, U.K.

1. INTRODUCTION
1.1 Domain walls in infinite media

Micromagnetism could be said to have begun with the Landau-Lifshitz solution
for the magnetization configuration in a 180° domain wall in an infinite medium with
uniaxial anisotropy.’ The energy per unit volume for this case may be written

€= € + €a, (1)
where €. and ¢, are the exchange and anisotropy energy densities respectively;
ce = A[(Va)® +(VB)* + (V9)*], (2)
and
e = K(a® + ) = K(1-7°), (3)

where 4 is the exchange constant, K is the uniaxial anisotropy constant, and «, 8
and 4 are the direction cosines of the magnetization with respect to the cartesian
coordinate axes x, ¥y and z respectively. Eqn (3) corresponds to easy directions of
magnetization paralle] to +z. For the case when the medium contains a 180° domain
wall, we may assume (i) that the magnetization is parallel to the yz-plane'(a = 0),
and (ii) that its orientation varies with z only. The boundary conditions imposed by
the anisotropy are

v — %1 as T — +o00. (4)

Condition (i) ensures that no magnetic charges are present. A magnetization con-
figuration satisfying these conditions is called a Bloch wall. With these conditions,
eqns (1)-(3) may be simplified to give

) 2
o= /_m [A(Z—‘i’) + K sin? ¢] dz (5)

for the energy per unit area of domain wall, where

¢ = arcsin § = arccos . (6)
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The exact solution for ¢(z) that minimises w is

cos ¢ = tanh (%), (7)

A
=VE (8)
Substituting eqn (7) into eqn (5) gives
w=4VAK. (9)

An exact solution may also be obtained in the more general case when the anisotropy
includes a sin* ¢ term, so that w becomes

w = /00 [A(%)- + K (sin? ¢ + ksin* q&):l dz, (10)

-_—_e

where

where R« is the second-order anisotropy constant. The solution is?

V1 + ktanh(z/6)

cos ¢ = ,
V1+ x tanh®(z/$)

valid for x > —1, since the easy directions are not parallel to 2 when x < ~1.
Substituting eqn (11) into eqn (10) gives

w=2m[l+(l+n)j§aﬂ\/’;] (12)

(11)

when « > 0, and

- 1 + x)arctanh /—

w = 2VAE |1 + L Erlarctanh V7w (13)
V=K

when —1 < k < 0. This solution may also be used for a material in which cubic

anisotropy as well as uniaxial anisotropy is present. ror this case, eqn (3) may be

writien

o = [Ku(a® + B%) + Kc(e®B% + f74% + 4%a?)], (14)

where K, and K. are the uniaxial and cubic anisotropy constants respectively, and the
{100) crystallographic directions are assumed to be parallel to the cartesian coordinate
axes. With the same constraints as above, the energy per unit area becomes

oo
w=/
-0

which is equivalent to eqn (10) if

2
A(Z—d)) + K, sin? ¢ + K. sin? ¢ cos® ¢| dz, (15)
X

Ku + Kc = Ka (16)
and K
-—m =K. (17)

If no unjaxial anisotropy is present (K, = 0), no solution for ¢ exists that satisfies
the boundary conditions. In that case, 180° walls would be unstable and would break
up into two 90° walls. However, magnetostriction is always present in real materials,
the effect of which is to move the two 90° walls together in order to avoid a large
magnetoelastic energy that would be present in the domain separating the 90° walls.
It can be shown'® that when K. > 0, the effect of magnetostriction is equivalent to

256




a uniaxial anisotropy with easy axis parallel to the domain magnetizations, and an
effective anisotropy constant

K, = %(Cll - CIZ)Aioos (18)
where ¢;; and c12 are the usual elastic stiffness constants for a cubic crystal, and Aj0

is the saturation longitudinal magnetostriction constant in the (100) directions.

1.2 The effect of surfaces

The analytic solutions given above are no longer valid for a specimen with exter-
nal surfaces. In such cases the energy of the specimen becomes

E=E.+FE,+ Fy, (19)

where E. and E, are the integrals of e¢. and ¢, respectively over the volume of the
specimen, and E,, is the magnetostatic energy;

Em=§///pq>dV+§//aq>dS. (20)
v S

p=-V.M (21)

where

is the volume charge density,
c=M.n (22)

is the surface charge density ™ is the magnetization, n is a unit vector normal to
the surface, and ® is the magnetostatic scalar potential:

@(r)://L irfr,!dr'+[/s ‘rfr,;dr'. (23)

In a finite specimen, a Bloch wall would generate charges on the surfaces. For a very
thin film (of thickness small compared with /A4/K), it becomes favourable for the
magnetization to remain parallel to the surfaces. Domain walls in which this condition
is satisfied are called Néel walls. However, Néel walls contain volume charges, and
it is expected that in films whose thickness is not small compared with /A/K.
domain walls will have more complicated structures, in which the magnetization varies
with y as well as with z. No exact analytical solutions have been obtained for such
cases. However, Hubert? suggested that stray-field free magnetization configurations

(Em = 0) would be possible in thin films if the magnetization had one of two possible
symmetries, either
a(-y) = —aly), Bl-y)=B8(y), (-y)=10) (24)

{(‘asymmetric Bloch wall’), or
a(—z, _y) = a(zv y)7 ﬁ(—l, —y) = ,3(2, y)’ 7(-37 —y) = —7(xvy) (25)

(‘asymmetric Néel wall’), where y = 0 at the centre of the film, and he proposed
specific structures of both types. At the same time, LaBonte? developed a method
for the numerical computation of magnetization configurations. He computed the
structure of 180° domain walls in Permalloy films of thickness in the range 50 to
200 nm, and found that they were of the ‘asymmetric Bloch'-type. as shown ir Fig. 3
of his paper. These walls have a curved centre (the line along which 4 = 0), and
the magnetization circulates in a vortex-like manner to achieve a high degree of flux
closure.
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1.3 Numerical computations

LaBonte’s method consists of subdividing the specimen into small regions in
which the magnetization is assumed to be uniform. In the specific case for which
he carried out his computations, he used subdivisions in the shape of infinitely long
square prisms with axes parallel to z. The film is subdivided into N, columns and
N, rows of prisms of side A, N, being the ﬁlm thickness, and it is assumed that

the magnetization is parallel 1o *‘: when z > 1N, A and to —z when r < — ,1\ A.
The exchange energy per unit length of wall is glven by
N,-1 N,
Fo=24 ) V‘J] ~m(I.J). m(I+1.J)]
I=1 J=1
N, N,-1
24 N 1-m(I.J). mI,J=1) =S, (26)
AR PSS B
I=1 J=1

where m(/,J) is a unit vector parallel to the magnetization of the prism in column
I. row J, and § stands for ‘surface terms’, which have to be treated differently: see
LaBonte! for details. The anisotropy energy per unit length is

N, N,
A2 A2 - 9=
Fo=EaY Y [1-4°(1.J),. (27)
I=1J=1
if the material is assumed to have uniaxial anisotropy. The magnetostatic energy per
unit length is given by

Fn=F+F, (28)
where e
M2
F= —— 2
% F, (29)

is the sum of the magnetostatic energies of the prisms per unit length. and F is
the energy per unit length due to the magnetostatic interactions between all pairs of
prisms, given by

Ny N, Ny

F=1iM:A% ZZ SN {AnI -1 T = I)[adL, D) I' ') = BB, T

I=1J=1I'=1J'=1
+Cm(I-I,J - J')[a(I,J)B(I',J')+6(I.J)a(]'.]'):‘g}, (30)

where A,, and Cy, are interaction coefficients given by LaBonte.* The total energy
per unit length is given by

F=F +F, + Fy, (31)
which must be minimised subject to the constraint
m*(1,J) = o*(I,J) + (1. J) ++*(1,J) = 1. (32)
The condition for F' to be a minimum is therefore
oF
— + 2] ,WJ)=0 33
Fmil 7)) " rom({,J) (33)

for all / and J, where A; ; are Lagrange multipliers. It is convenient to introduce an
‘effective field’
oF

H(I,J):—mj—), (34)
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so that the magnetization configuration is in equilibrium if the magnetization of each
prism is parallel to the effective field acting on it. The minimisation procedure is
therefore to calculate the effective field acting on each prism in turn, set the magne-
tization parallel to this field, and repeat this process until none of the magnetizations
have to be rotated by more than a predetermined small angle. There is one difficulty
that was not mentioned by LaBonte, namely that the effective field acting on a given
prism depends on the magnetization of that prism, so that when the magnetization
is aligned with the effective field, the effective field changes. To overcome this prob-
lem, it is necessary to carry out an iterative process at each prism, which consists
of recalculating the effective field and realigning the magnetization repeatedly until
a stable situation is reached, before proceeding to the next prism. This does not
increase the complexity of the computation significantly, because when the effective
field is recalculated, only the contribution of one prism changes. Although the initial
calculation of the effective field at a new prism is time-consuming, the recalculation
is very fast, and the number of iterations needed at each prism is usually small.

The purpose of this paper is to discuss ways in which this numerical method may
be extended for the computation of a number of different problems.

2. INTERACTION OF PAIRS OF DOMAIN WALLS
2.1 Domain wall symmetries

For fixed domain magnetization directions ({eqn (4)), an asymmetric Bloch wall
separating the two domains can have four possible configurations, since the centre line
of the wall (where ¥ = 0) can curve in two directions, and for each direction, the sense
of the vortex can be clockwise or counterclockwise. (Each configuration is related to
the one of the others by reflection in the zz-plane, to a third by reflection in the
yz-plane followed by time-reversal, and to the fourth one by a combination of both
transformations.) In a film containing three domains (i.e. two parallel 180° walls),
there are siz distinctly different magnetization configurations for the two walls,® as
shown in Fig. 1.

In configurations A and B, the wall centre lines curve in the same direction, in
C and D they curve towards each other, and in E and F they curve away from each
other; in A, C and E the two vortices circulate in the same sense, and in B, D and
F they circulate in the opposite sense. When a magnetic field is applied in the +:
direction, the walls are driven towards each other.

In the case of one-dimensional 180° walls, of structure given by eqns (7) or (11), a
pair of walls can only have two possible configurations, termed winding and unwinding
respectively, according to whether the magnetization in the two walls rotates in the
same sense or in opposite senses. It is clear from simple qualitative considerations
that unwinding walls can be annihilated more easily than winding walls, when they
are driven towards each other by an applied field. In the case of pairs of asymmetric
Bloch walls, it has not been possible to predict from qualitative considerations which
of the configurations would be annihilated easily and which would not.

2.2 Ezperimental results

In-situ magnetization experiments have provided some experimental evidence for
the behaviour of pairs of Bloch walls in thin films. Figs 2 and 3 show micrographs
of two specimens of an Fe-Co-Ni-Ti alloy (Incolloy 904) recorded by R. A. Taylor®
in the AEI EM7 1 MV transmission electron microscope in Oxford, using an in-situ
magnetizing device. The sequence in Fig. 2 shows a pair of walls that are easily
annihilated in an increasing field, but they reappear when the field decreases again,
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Fig. 1 The six magnetization configurations for a pair of Bloch walls. The contour lines
separate regions in which 4 > 0 from those in which v < 0.

Fig. 2 Electron micrographs of an Incoloy 904 specimen. The applied field increases for
the first three frames, and decreases for the last two.

Fig. 3  Electron micrographs of an Incoloy 904 specimen. The applied field increases from
left to right.

(a) (b) (¢) (d)
Fig. 4  Electron micrographs of a CogoZrio film of thickness 400 nm, in applied fields of (a)
0, (b) 2-34 Oe, (c) 3-64 Oe, and (d) 5-46 Oe. The specimen was saturated in 6-5 Oe.
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Fig. 5 Computed magnetization configuration for an iron film of thickness 200 nm for case
B. in an applied field of 14 Oe.
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Fig. 6 Computed magnetization configuration for an iron film of thickness 200 nm for case
C, in an applied field of 4 Oe.

while Fig. 3 shows a pair of walls that remain stable as the field increases, until
the field reaches a critical value, causing the wall to disappear suddenly. In these
micrographs, the domain walls appear as bright or dark lines, made visible by the
standard technique of defocusing the objective lens. Another example, obtained by
R. Wimmer” using the same apparatus, is shown in Fig. 4. In this case, the walls
were divided into segments that rotated in opposite directions in the field (Fig. 4(d)),
before being suddenly annihilated.

2.3 Computations

These experiments did not provide enough information to enable the magnetiza-
tion configuration at the domain walls to be determined. However. the ‘hardness’ of
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Fig. 7 Computed magnetization configuration for an iron film of thickness 200 nm for case
D, in an applied field of —4 Oe.
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Fig. 8 Computed magnetization configuration for an iron film of thickness 200 nm for case
F, in an applied field of 150 Oe.

the different wall configurations can be estimated from computations, and the results
can be correlated at least qualitatively with the experiments. The method was based
on that of LaBonte,* with a number of modifications.® (i) The symmetry of the walls
about the zz-plane is well established,®** and the computations can be constrained to
have this symmetry, which reduces the computation time by about a factor 4. (ii) For
a pair of walls, the boundary conditions become

v—=1 as z — too, (35)

cf. eqn (4) for a single wall. (iii) The starting configuration for each case must be a pair
of walls of appropriate symmetry far enough from each other for a well-defined domain
to exist between them. (iv) The calculations were carried out for a material with cubic
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Table 1. Maximum field in Oe in which Bloch wall
pairs of different types are stable

Thickness B C D F
150 nm 26 12 2 250
200 nm 14 4 ~ =2 150
250 nm 7 0 ~ =2 100

anisotropy. Assuming that the (100) directions are parallel to the coordinate axes,
eqn (27) can be modified to include both anisotropies:

Z W[l =121 )] + K [o?(1,J)8%(1,J)

I=1J=1

BTN T) + 22 D) (1)) (36)

(v) An additional term, representing the effect of a magnetic field parallel to the
- z-direction, is added to the total energy. Computations were carried out for films
of thickness 150 nm, 200 nm, and 250 nm, with exchange constant C = 24 =
10~% ergem™?, cubic anisotropy constant K. = 10° ergem ™3, and saturation magne-
tization M, = 1700 gauss. No stable configurations were found for cases A and E in
any field. For the other four cases, stable configurations were found for applied fields
up to the values shown in Table 1. It is seen that case F is much harder than the
other three cases, and that in all cases, the hardness decreases with increasing film
thickness. Figs 5, 6, 7 and 8 show the magnetization configurations corresponding
to the values in Table 1 for films of thickness 200 nm. In these figures. as well as in
Fig. 9, the arrows represent the component of magnetization in the zy-plane, and the
curves pass through points where 4 = 0. The width of the domain in the centre with
~+ < 0, marked by the two pairs of arrows outside the frame, is 97-7Tnm in Fig. 5,
100-8 nm in Fig. 6, 117-8nm in Fig. 7, and 98-9nm in Fig. 8.

From these results, it is suggested that the walls ir Fig. 2 were probably type
A or E, those in Fig. 3 were probably type F or B, and that those in Fig. 4 were
probably type B. This interpretation of Fig. 4 is the most likely one because of the
apparent breaking up of the walls into segments of opposite polarity, indicating that
the structure did not have the symmetry of C, D, E or F.

3. DOMAIN WALLS IN THICK FILMS

The recently developed experimental technique of scanning electron microscopy
with polarisation analysis (SEMPA) has enabled the magnetization configuration on
the surfaces of bulk materials to be determined.®%!! It was found that the mag-
netization had only a small component normal to the surface of the specimen even
at the centres of domain walls, and that the structure of the walls at the surface
was similar to that of Néel walls in thin films. In view of these experiments, it is
important to deveiop models for the wall structure in thick films and bulk materials.
The magnetizaticn configuration of domain walls near the surface of thick films has
been predicted by Hubert!? from a consideration of the behaviour of his stray-field
free model for increasing film thickness. Preliminary results of rigorous numerical
calculations are given by Scheinfein et al,)! who used the same method as LaBonte.*
However, the computation time increases rapidly with increasing film thickness, and
the calculation becomes impractical unless coarse subdivisions are used, which makes

the results inaccurate. A possible way to overcome this problem is to subdivide the
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Fig. 9 Computed magnetization configuration for a 90° domain wall in an iron film of
thickness 100 nm.

specimen into prisms with rectangular rather than square cross-section. Finer subdi-
visions can then be used near the surface, where the magnetization varies rapidly. and
coarser subdivisions in the interior where the variation in the direction normal to the
surface is slower. Using this method, Aharoni and Jakubovics?® confirmed that near
each surface of thick specimens, the structure of 180° domain walls resembles one half
of the vortex structure found in thin films. The two half-vortices are connected by
a structure in which the magnetization is almost one-dimensional, varying only with
z but almost independent of y. However, up to the largest thickness investigated so
far (3-8 pm), the z-dependence was different from that given by the analytic solutions
for infinite media, eqns (7) or (11). It is likely that these analytic solutions are only
approached at very much larger thicknesses.

4. 90° DOMAIN WALLS

The SEMPA technique has also been used to study 90° domain walls.? and it is
therefore important to compute the structure of such walls. Computations for thin
films have been carried out by Aharoni and Jakubovics.'* In this case one of the
easy directions of magnetization is parallel to the y-axis, and the other two are in the
z:z-plane at £45° to the z and z axes. The boundary conditions therefore become

a—>\/—1§-, B — 0, 7—>;t\/g as T — +oc. (37)

In this case, assuming a cubic anisotropy only, the anisotropy energy becomes

N, Ny
Fo= KA S{BYI1,0) - B0, J) + HaP(1,J) = (L D)} (38)
I=1J=1
In the case of a films of finite width in the z-direction, magnetic charges would be
present on the faces perpendicular to z. In order to eliminate the effect of these
charges, the magnetostatic energy of the wall is calculated by subtracting a uni-
form magnetization M,/\/2, where M, is the saturation magnetization, from the wall
structure. With these modifications. LaBonte’s* method may be used to compute
the structure. Fig. 9 shows the result obtained for a 100 nm thick film with the same
values of the material parameters as above. This structure has the symmetry of
eqns (23), in contrast to 180° walls, which in films of similar thickness have the sym-
metry of eqns (24). However, the structure avoids both surface and volume charges
quite efficiently, and has a relatively small magnetostatic energy.'*
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Fig. 10  Variation of the normalised total energy, €,, with radius, R. for anisotropic spheres
in zero field. Open circles and curve-l represent the results of two-dimensional
calculations. Curve 2 is taken from Fig. 5 of Stapper'®, representing his two-
domain state. Line 3 corresonds to saturated spheres.

5. SPHERICAL PARTICLES

The magnetization configuration is of interest not only in films, but also in small
particles, since particulate magnetic media can be used in a number of applications,
such as information storage and permanent magnets. For such applications, it is
important to know whether particles of a given size are uniformly magnetized. The
first computations aimed at determining the critical diameter of spherical particles at
which a transition from uniform to non-uniform magnetization occurred was carried
out by Stapper.’® However, he used a one-dimensional model in which the particles
were divided into flat slices in which the magnetization was assumed to be uniform.
More realistic magnetization configurations, and more reliable estimates of critical
radii can be achieved by using a two-dimensional model. LaBonte’s* method can
also be adapted to this case.!® The sphere is now subdivided in such a way that the
boundaries between subdivisions are surfaces on which two of the three spherical polar
coordinates are constant. The subdivision is therefore into N, x Ny rings bounded by
the spherical surfaces r = (J ~ 1)R/N, and r = JR/N, (J = 1,2,...,N,), and the
conical surfaces § = (I — 1)m/Ng and 6 = In/Ng (I = 1,2,...,Ng), where R is the
radius of the sphere. Within each ring, the polar components of the magnetization
are assurned to be constant, so that the magnetization has cylindrical symmetry.
The total energy is then the sum of the exchange, anisotropy and magnetostatic
energies, plus the energy due to an applied field if one is present. Evaluation of the
anisotropy energy and of the energy due to the applied field is straightforward. The
exchange energy contains the sum of the energies of interaction of all pairs of rings
that have a common surface, and in addition, each ring contributes a ‘self-energy’
because of the non-uniform magnetization (the polar, not the cartesian components
being constant). The magnetostatic energy has a similar form to that for thin films,
e.g. eqn (30), but the coefficients are much more difficult to evaluate, since the
interaction between any two rings depends on their absolute, not relative positions,
and therefore a four-dimensional rather than a two-dimensional matrix of coefficients
is needed. The equations needed to evaluate the total energy are all given in ref. 16.
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Magnetization configurations were computed for spheres with uniaxial anisotropy,
with values of the parameters appropriate to cobalt. Fig. 10 shows a plot of the
normalised total energy, e, (i.e. the energy of the sphere divided by that of a uniformly
magnetized sphere of the same radius), as a function of radius. It is seen that the
two-dimensional model gives a lower energy than the one-dimensional one for all radii.
The radius at which the energy of a uniformly magnetized sphere is equal to the lowest
energy obtained for a non-uniformly magnetized sphere is about 34-1 nm, and below
this radius the uniformly magnetized state would be favoured.

In real spheres some anisotropy 1s always present, but it is of interest to inves-
tigate whether useful properties could be achieved in particles with low anisotropy,
since there are methods of producing spheres from amorphous materials. Computa-
tions have therefore been carried out to determine the behaviour of spheres with zero
anisotropy in applied magnetic fields.'”"'® The physical parameters were chosen to fit
amorphous particles of Fe7551;5B1g. It was found that particles of radius 11-2 nm were
uniformly magnetized even in zero applied field. In particles larger than that size the
magnetization increased fairly linearly with applied field, reaching saturation in fields
very close to the nucleation values predicted theoretically,’® these values increasing
with increasing radius. However, for relatively small particles, the magnetization was
not zero in zero applied field. For example, in spheres of radii 15nm and 20nm, the
magnetization was 73-3% and 37-4% of the saturation value respectively. As the mag-
netization would be able to rotate easily on reversal of the field, these results predict
a large susceptibility in particles of small anisotropy.

6. OTHER RECENT COMPUTATIONS

Two other ways of extending LaBonte’s method may be mentioned. Firstly,
magnetization configurations have been computed in small particles in the shape of
rectangular parallelepipeds. This requires a straightforward extension of LaBonte’s
formulae into three dimensions, the subdivisions being in the shape of small cubes. A
three-dimensional matrix is needed for the magnetostatic interaction coefficients.?° Al-
though the requirements of computer time and storage limit these calculations to fairly
coarse subdivisions at present, magnetization processes in elongated particles have
been modelled. The method has enabled magnetization reversal mechanisms to be
studied in Ba-ferrite?! and v-Fe;0322:2% particles, including the effects of non-uniform
applied fields such as those generated by magnetic recording heads,?* and even com-
plete hysteresis loops?® to be obtained. Secondly, an extension of LaBonte’s method
has enabled the magnetization configuration in two-dimensional periodic structures
such as stripe domains to be computed.?® The only modification to LaBonte’s method
needed for this case is to replace individual terms making up the total energy by sum-
mations.

7. CONCLUSIONS

It has been shown that the two-dimensional numerical computation technique
first used by LaBonte* can be extended to a number of different problems. With
faster and more powerful computers becoming available, it will be possible to model
increasingly complex situations.

REFERENCES
1. C. Kittel, “Physical theory of ferromagnetic domains”, Rev. Mod. Phys. 21, 541
(1949).
266




-1

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

A. Hubert, Theorie der Domanenwdnde in geordnelern Medien, Springer-Verlag
(1974).

A. Hubert, “Stray-field-free magnetization configurations”, Phys. Stat. Sol. 32
519, (1969).

A. E. LaBonte, “Two-dimensional Bloch-type domain walls in ferromagnetic
films”, J. Appl. Phys. 40, 2450 (1969).

A. Hubert, “Interaction of domain walls in thin magnetic films”, Czech. J. Phys.
B21, 532 (1971).

R. A. Taylor, D. Phil. Thesis, University of Oxford {1981).

R. Wimmer, Diploma Thesis, University of Regensburg (1986).

J. P. Jakubovics, “Interaction of Bloch wall pairs in thin films”, Proc. Int. Collog.
on Magnetic Films and Surfaces, Le Creusot, France (1988).

H. P. Oepen and J. Kirschner, “Imaging of magnetic microstructures at sur-
faces”, J. de Physique 49 C8-1853, (1988).

H. P. Oepen and J. Kirschner, “Magnetization distribution of 180° domain walls
at Fe(100) single-crystal surfaces”, Phys. Rev. Lett. 62, 819 (1989).

M. R. Scheinfein, J. Unguris, R. J. Celotta and D. T. Pierce, “Influence of
the surface on magnetic domain-wall microstructure”, Phys. Rev. Lett. 63, 668
(1989).

A. Hubert, “Blochwinde in dicken magnetischen Schichten”, Z. fur angewandte
Physik” 32, 58 (1971).

A. Aharoni and J. P. Jakubovics, “Magnetic domain walls in thick iron films”,
to be published.

A. Aharoni and J. P. Jakubovics, “Structure and energy of 90° domain walls in
thin ferromagnetic films”, IEEE Trans. Magn., in press.

C. H. Stapper, “Micromagnetic solutions for ferromagnetic spheres”, J. Appl.
Phys. 40, 798 (1969).

A. Aharoni and J. P. Jakubovics, “Cylindrical magnetic domains in small {ferro-
magnetic spheres with uniaxial anisotropy”, Phil. Mag. B 53, 133 (1986).

A. Aharoni and J. P. Jakubovics, “Magnetization curves of small isotropic
spheres”, J. Appl. Phys. 57, 3526 (1985).

A. Aharoni and J. P. Jakubovics, “Approach to saturation in small isotropic
spheres”, J. Magn. and Mag. Mater. 83, 451 (1990).

A. Aharoni, “Some recent developments in micromagnetics at the Weizmann
Institute of Science”, J. Appl. Phys. suppl. 30, 70S (1959).

M. E. Schabes and H. N. Bertram, “Magnetization processes in ferromagnetic
cubes”, J. Appl. Phys. 64, 1349 (1988).

Y. D. Yan and E. Della Torre, “The switching mechanism in BaFe particles”,
IEEE Trans. Magn. 25, 3464 (1989).

M. E. Schabes and H. N. Bertram, “Ferromagnetic switching in elongated
~-Fe, O3 particles”, J. Appl. Phys. 64, 5832 (1988).

M. E. Schabes and H. N. Bertram, “Magnetization reversal of cobalt-modified
+-Fe, O3 particles”, J. Appl. Phys. 67, 5149 (1990).

M. E. Schabes and H. N. Bertram, “Effects of applied field inhomogeneities on
the magnetization reversal of elongated ¥-Fe, O3 particles”, JEEE Trans. Magn.

25, 3662 (1989).
Y. D. Yan and E. Della Torre, “Modelling of elongated fine ferromagnetic par-

ticles”. J. Appl. Phys. 66, 320 (1989).

267




26. M. Labrune and J. Miltat, “Micromaguetics of strong stripe domains in NiCo
thin films”. IEEE Trans. Magn., in press.

268




DOMAIN WALLS AND WALL STRUCTURE

Floyd B. Humphrey

Boston University
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The concept of a magnetic domain wall is as fundamental to the domain
theory as the domains themselves. The original formulation of what we now
call a Bloch Wall assumed an infinite sample, an energy of both exchange and
anisotropy and recognized that the lowest energy would be when the
demagnetizing field across the wall was zero. Straight forward energy
minimization using the Ritz method calculated a finite, stable transition region
between domains. The width of the wall was when the the exchange energy
just balanced the energy from anisotropy. The total energy was the sum of
these two equal parts. The thcory seemed clear, complete(1).

Some twenty years later, it became clcar that the infinite sample
assumption was in trouble. Films of vacuum evaporated Permalloy werc made
that were clearly too thin to contain walls because of the high demagnetizing
cnergy at the surface(2). These "single domain" films did, indeed contain
walls that could be easily detected by the Bitter Colloid technique. Calculations
by Ncecl had already solved the problem by proposing a wall that rotated in the
plane of the film confining the demagnetizing field to be across the wall(3).
This Neel wall was stable in films as their thickness approached zero as long as
the film was large enough to support the ever widening wall(4). When the
cncrgy of the Neel wall as a function of film thickness was compared to that of
thc Bloch wall, it was found that the transition between the two was for a film
thickness of a few hundred angstroms. Below this transition, the Neel wall was
encrgetically more favorable and above, the Bloch wall was more favorable.

The thickness, in Permalloy, of the Bloch-Neel wall transition was very
fortuitius from an experimentalist point of view. It was at a thickness where
domain walls could be scen quite well with the electron microscope using out

of focus Lorentz imaging techniques. In this thickness range, the wall
changed from one type to the other along the wall. Called cross-tie, these
investigations were the first into wall structure(5). Unfortunately, The

structure cxisted only over a rather narrow thickness range so that thc more
global cffects of wall structure could not be realized. It was clear. however,
that the cffect of a finitc sample on a Bloch wall could not be ignored.
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Computers became available for modeling magnetic structures. A field free
calculation of a Bloch wall in static equilibrium was made that avoided the
demagnetizing energy at the surface by creating a vortex in the plane normal
to the wall and surface(6). The flux of the center of the Bloch wall was "closed”
by this circulation of flux ecither 10 one side of the wall or the other. At the
surface, the magnetization would be parallel to the surface and perpendicular
to the plane of the wall pointing one way or the other depending on which
side of the wall the vortex happened to be.

—~——

Cap Bloch Line with Bloch Line without
Switch Cap Switch Cap Switch

Fig. 1. Schematic of field free Bloch walls: O1, O2 down chirality; 03, O4
up chirality; O1, 03 vortex right; 02, O4 vortex left. Transition T1 is
between O1 and O2; T2 between O1 and O3 and T3 between O1 and O4

All the possibilities for a field free Bloch wall(7) are shown in Fig.1A.
Consider the little structure labeled O1. Tt illustrates a cross-section of an in-
planc material at a Bloch wall. The sample, confined between the two
horizontal lines, is magnetized into the paper on the left and out on the right.
The Bloch wall between the two must have a chirality, i.e., a direction of
rotation. For this wall it is clockwise when looking at the wall from the left.
The chirality is indicated by the large arrow in the center pointing down
showing the direction at the magnetization of the center of the Bloch wall.
The small arrow to the right pointing up indicates the direction of the vortex
flux and that the closure is on the right side of the wall. On the top surface
(and, of course, on the bottom not shown) the vortex forces a little band of
magnetization along to be magnctized normal to the wall in the direction of
the vortex flux as shown. This stripe is shown white to indicate that an
observation of the surface using the Magneto-optic Kerr Effect with the light
incident normal to the wall has the analyzer adjusted to light. This same wall
could have the vortex on the left side as shown in O2. Of course, the wall could
have had the opposite chirality with the vortex on the right as shown in O3 or
with the vortex on the left as shown in O4. These are the only possibilities for
an arbitrary wall.

Transitions from one wall type to another are possible 1o predict as is the
surface magnetization configuration that should be observed. If the wall
starts as Ol and along the wall the vortex changes side 10 an 02 wall, then the
transition should look like T1 of Fig. 1B. The cap should switch from white to
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dark because the direction of the vortex flux reverses. Since the thickness of
the Bloch wall part is much greater than the surface Neel part of the wall (the
illustration is not to scale), a continuous wall can be expected forcing the cap
to show a jog. If wall Ol changes to O3 the vortex stays on the same side so no
jog is expected but the cap does switch because of the change of sign of the
vortex. A Bloch line is the general name for the structure that must exist
when walls of opposite chirality meet. There is a vertical Bloch line (VBL)
under the surface at T2. The BL is vertical to mean that the whole wall
changes chirality at that place through the thickness of the sample. Finally,
if O1 changes to O4, the vortex changes side producing a jog but without a
contrast change because the chirality also changed. Again, there is a VBL
under the surface.

Fig.2 (a) High resolution Kerr magneto-optic micrograph in an
amorphous ribbon and, (b) schematic of a with wall sections and
transitions identified

Using a high resolution optical microscope cquipped with an image
cnhancement system(8) to obscrve the Longitudinal Kerr Effect, these
structurcs have all been recently identified in amorphous FeCoSiB ribbon. A
scction of two walls can be seen in Fig. 2A. Since the microscope is set to
rcsolve the magnetization that is normal to the walls (vertical), the domains
with magnetization along the walls are the same shade of gray. A schemaiic in
Fig. 2B identifies the walls and transitions.

One of the walls in Fig.2A looks and is twice as wide as the other. This wall is
the result of annealing the film with the wall in place(9). The anisotropy
created by this annealing assumes the direction of the magnetization at the
time of the anneal. Since the wall has a twist, the anisotropy assumes a twist.
The wall is now pinned and will not move when small fields are applied. Since
the anisotropy axis is in the shape of the wall, the anisotropy energy should be
very low since the i.ugnetization is everywhere along the anisotropy axis.
The exchange energy, to balance the aniso‘ropy, widens the wall. Since
exchange energy is very nearly proportional to distance across the wall, the
wall looks twice as wide.
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A quasi-wall is a boundary between two domains with their magnetization
in the same direction. Having a pinned wall makes the creation of quasi-walls
relatively easy. Figure 3 is a Kerr micrograph of a quasi-wall under various
conditions. The exact structure of the quasi-wall will depend upon how it is
formed. Normally a free wall will approach a pinned wall. The resultant will
depend upon  their relative chirality, i.e., whether they form a winding or
unwinding pair. The relative side of the vornex will also make a difference, i.c.,
do their vortices meet first or not at all. At this time, no one has unraveled
these details for these quasi-walls.

Fig. 3  Kerr magneto-optic micrograph of, (a) quasi-wall; (b) pinned
wall with 2 VBL's, quasi-wall and normal wall; (c) pinned wall with
VBL, quasi-wall and normal wall; and (d) pinned wall with VBL, quasi-
wall, and normal wall with cap switch

Magnetic material that is spontancously magnetized perpendicular to the
surfacc adds a new twist to the wall(10). Bubble garnet material is a good
example of this kind of material. The surface stray ficld creates a strong field
across the wall that reverses direction in the center of the sample to be in the
opposite dircction at the other surface. This field puts a twist in the wall as a
function of thickness through the material as illustrated in Fig. 4A. Of course .
there is always the opposite chirality as seen in Fig. 4B.  Also there is still the
rotation of the magnetization associated with a Bloch wall. The static Bloch
wall in bubble material is illustrated in Fig.4C. Each twist is only correct along
the ccnter of the wall in each direction. The chirality of the wall is still
detcrmined by the center “spin” as before indicated by the black arrow. A
change in chirality creates a VBL . The structures have been more extensively
studied in this material than in the plancr materials because of the profound
cffcct the structurc has on the dynamics of the walls.

In magnctic bubbi memorics, the expectation is that the bubble domain
will bc translatcd by gradient ficlds in the direction normal to the surface
crcated by an overlay of planer material driven by a rotating in-planc ficid.
The desire and cxpectation was that the bubble domains would bc reproducible
and casily pushed around. It was found that somc bubbles did not move
because their walls were filled with VBL's.  Fortunatcly, ways were found to
kr:p the number small so that thc memory could be made 1o work. Even so, a
small number of VBL'S can make a large effect on the dircction the bubble
moves in respect 1o the direction of the gradient. Since VBL's arc a rotational

structurc, they have a chirality. A pair of the samec chirality VBL's can
change the direction of motion of the bubble domain by 10-20 dcgrees whercas
a pair with oppositc chirality will makc no change at all.  An unwinding pair.
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i.c., a pair with opposite chirality, can make the bubble domain move even
after the gradient field is removed. Winding pairs are so stable that they are
the basis of an attempt to make a computer memory where the information is
stored in the form of VBL pair or no-pair for a "one" or "zero".

= TR -

> ~.
-

v

Fig. 4 Domain wall in material magnetized normal to the plane of a film
(a) twist caused by the stray field from the surface domains (b) opposite
chirality and (c) Bloch wall

Horizontal Bloch lines are mostly associated with moving walls since most
are statically unstable(11). Remember that a cross product is in the equation
of motion for the magnetic system. Therefore, a field applied to move a wall
couples only to the magnetization in the wall since the magnetization in the
domains is parallel to the field (MxH=0). A ficld applied to bubble material will
cause a precession in the wall in the direction of the twist shown in Fig 4A.
This precession will take one surface to the equilibrium of the opposite
chirality wall. The two scctions of wall with opposite chirality satisfy the
definition of a BL but this time a horizontal Bloch line. It's horizontal to
indicate that it runs along a wall rather across it dividing the sample through
the thickness. As the wall continucs to move, the HBL  continues to move
through the thickness confining the rotation to a limited area.  When it
rcaches the opnosite surface, the spins there make a 2pi rotation. A new HBL
starts at that surface to move in the opposite direction through the sample.
This motion of the HBL hinders the motion of the wall. Whereas walls in
planer material have a lincar mobility, i.e., thecy move proportionally faster in
higher field, walls with HBL's have a very limited linear mobility assuming a
velocity  that remains unchanged for orders of magnitude increase in field
amplitude.

A wide varicty of horizontal wall structure has been identified mostly by
observing the motion of the wall. For instance, when the HBL reaches the
opposite surface, the spinning of the surface magnetization during "punch
through" can stop the wall for a short time. This process is very surface
sensitive so that slight surface modification by ion implantation can inhibit
punch-through. When the HBL gets to the “far" surface, it continues to wind
up becoming a 2pi HBL(12). The 2pi and multiple 2pi structures are statically
stable, however, most samples are quickly filled with this windup.  Similar
structures have been scen in computer simulation but not confirmed
experimentally.  An HBL can also be crcated by a modest in-plane field on the
wall. By comparing the velocity of the normal and structured wall, the
chirality of structurclcss bubble domains can be determined.

Bloch points are the result of topological arguments. There is a clear need
for somcthing like them to cxplain various experimental results but no
cxperiment has directly confirmed their existence. They also seem to  fit the
other  structure. A domain wall is a transition beiween two oppositely
(diffcrently) oriecnted domains. A Bloch line is the transition between regions
of opposite chirality within a wall. It scems rcasonable that a Bloch point
should be the transition betwcen two scctions of opposite chirality Bloch lines.
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They are needed to provide a mechanism for the loss of VBL's in the wall
Bloch loops can create VBL's but cannot destroy them. A +/- VBL pair will
J annihilate. Once a winding pair, either +/+ or -/- is in a wall, there is no
mcchanism for their removal without using a Bloch point. By observing the
motion of bubble domains in a rotating gradient experiment, for example, it is
clear that changes are made. The most reasonable mecchanism involves the
nuciecation of a Bloch point. When it moves, it changes the chirality of the BL.
The resultant +/- pair can then annihilate. With the recent interest in the
VBL memory, there is a renewed interest in Bloch points because they hold the
key to the stability of the memory.

Summery

Domain walls are fundamental to the domain theory of magnetism but that
does not mcan that they arc simple. The shape and structure that they take
depends on the material and gcometry. The chirality of walls is important.
Wall structure exists to match chirality changes in the form of Bloch lines.
Vertical Bloch lines move along walls pushed by gyrotropic forces. Horizontal
Bloch lines dominate the dynamic characteristics of walls in some materials.
Although it was once felt that wall structurc was confined to very thin planer
material and perpendicular material, it's now clear that "bulk" material has
it's share of structure. The idealized Bloch wall is uscful as a concept but when
details are needed, expect somcthing much more complicated.
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ABSTRACT

The domain wall multiplication in the amorphous alloy
FengliSi Cz is investigated as a function of stress and temperature.
Optical observations of the domain pattern, performed in conjunction
with a.c. permeability measurements, show that new 180°domains grow from
small nuclei where the local stresses are frozen-in during the rapid
quenching. Such instability of the domain structure is compared with the
intrinsic dynamic instability of a single domain wall.

INTRODUCTION

It is well known that multiplication of domain walls takes place in
ferromagnetic laminations when, under alternating fields, criticil
conditions for the amplitude of the wall displacement are obtained L2,
Such an effect can be ascribed to two different types of processes.
First, a wall driven beyond a certain critical velocity becomes
intrinsically unstable, because the pressure exerted by the eddy current
gield cannot be sustained any longer through bowing of the wall profile

This process 1s strictly related to the value of the wall surface
energy go- Second, domain nuclei, related to defects and local
stresses, can grow and develop into extended active domains. A
qualitative description of these two processes is given in Fig.s la and
1b.

In a preceding paper 1 we performed an experimental investigation on
the intrinsic instability of the domain wall, by means of an optical
me.hod. This method is based on the measurement of the absolute maximum
displacement thav a wall, oscillating under an a.c. driving field, can
attain before breaking down. It permits one to determine the specific
wall energy Yo-

In this paper we concentrate on the role played in wall
multiplication by domain nuclei, through experiments performed under
different conditions of stress and temperature. We find that the
critical field H at which new domains are generated from existing
naclei is in general smaller than the field H at which intrinsic
domain wall instability takes place. However, by increasing the applied
tensile stress H.q tends to increase, for nuclei tend to disappear. A
similar effect is observed after annealing.
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Fig. 1., la) Schematic representation of domain nuclei (A and B).
They give rise for H > H to four moving walls.
1b) Critical bowing of a domain wall. A new domain
enucleates when H > HCZ'

EXPERIMENTAL SETUP

The measurements were performed on amorphous ribbons of
F881B14Si3C Living a length of 130 mm, a width of 5§ mm and an average
thickness of 38 um. In order to create a very regular domain pattern,
the sample was subjected to a minimum tensile stress of 210 MPa and
systematically demagnetized, through a quasi-static procedure, before
each run. A sinuscidal field H, ranging in amplitude between 0.1 and 100
A/m and in frequency between 1 kHz and 30 kHz, was applied. Computer
assisted data acquisition was made by two digital multimeters
respectively for the applied field H and the induced signal dB/dt.

The measuring temperature ranged between 20 C and 250 C. Room
temperature permeability measurements were associated with Kerr-effect
optical observations of the domain pattern, in order to relate the
electrical signal to the number of active domain walls,
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Fig. 2. Dependence of peak induction B on the driving field
amplitude H, in correspondence of three different initial
domain patterns: & 1 walls, . 6 walls, © 10 walls.
The magnetizing frequency is 10 Khz. The final number of
walls is 10.
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RESULTS

Domain wall multiplication in the investigated sample can be clearly
recognized through the B vs. H behavior reported in Fig. 2. Let us
consider the lower curve (black triangles). As demonstrated by
simultaneous Kerr effect observations, an initial domain pattern,
characterized by four 180° Bloch walls, evolves, upon increase of the
driving field amplitude, towards a final state with ten walls. An abrupt
change of slope above a certain threshold field Hc = 38 A/m can be
noticed. This corresponds to the full development of a nucleus into a
new 180°domain. A very same effect can be put in evidence when we start
with six Bloch walls (open triangles). This is not the case when we
operate in order to keep a constant number of walls everywhere (open
circles, ten walls). It should be stressed that, were in this case the
maltiplication due to the intrinsic wall dynamic instability, it would
have required a much larger critical field ch = 80 A/m [4].

In Figs. 3 and 4 we have reported the B vs. H behavior at different
frequencies, in correspondence of two values of applied tensile stress
(5= 210 MPa and €& = 325 MPa respectively). One can clearly see that
by increasing the applied stress the wall multiplicaticn becomes
hindered, because the nucleation centres tend to disappear. A similar
effect takes place upon annealing, as shown in Fig. 5. Again, by
relaxing long range residual stresses the number of nuclei is reduced
and the critical field increases. The role of temperature has been
investigated on the annealed samples. In Fig. 5 we report the B vs. H
behavior determined at T = 158 C. From this and other experiments we
conclude that domain wall multiplication is enhanced by temperature.
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Fig. 3. B vs H curves at different frequencies. & = 210 MPa.
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Fig. 4. B vs H curves at different frequencies. . = 323 MPpa.
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Fig. 5. B vs H curves at 10 kHz measured on : A as cast ribbon at
room temperature, @ annealed ribbon at room temperature,
3> annealed ribbon at 138 C.

CONCLUSIONS

The domain wall multiplication caused by nucleation of domains from
existing nuclei has been 1investigated in the amorphous alloy
Fe BI4Si3C2. It is shown that the critical field HC above which new
wa?}s become active is generally smaller than the critical field H at
which intrinsic instability of a siigle domain wall occurs. However,
annealing and/or app:ication of a tensile stress tend to suppress domain
nuclei, therefor  leading to an ingrease of Hcl’
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1. INTRODUCTION

This Advanced Study Institute is primarily concerned with magnetism in
small particles, thin films, interfaces and multilayers. In other words, we are
interested in the effects of boundary conditions and low dimensionality on spin
systems. Before the dynamic magnetic properties of these structures can b=
understood, an older and simpler question often remains to be answered - what
is the spatial arrangement of the spins at low temperatures on a nanometer
scale 7 How is the three-dimensional vector field modified by the presence of
boundaries, defects and interfaces ? For bulk materials, we may similarly be
interested in the fine details of magnetic domain structure - for example in the
measurement of domain wall width, and in the mechanisms of flux pinning.

This article has two purposes. Firstly, we will provide a briet summary of
the transmission electron microscope techniques which exist for the spatial
mapping (imaging) of magnetisation in crystals, and outline the important
physical principles on which they are based. These methods are known
generically as "Lorentz microscopy”, since. in a classical picture, all depend on
the etfects of the Lorentz force. Applications of these methods will also be
described. Since other contributors have becn commisioned to do so, we shall not
discuss the exciting recent developments in the scanning tunnelling
microscopy of magnetic materials, or the equally important spin-polarized
imaging using secondary electrons in scanning electron microscopy (SEMPA),
Secondly, we then summarise our recent research into a mew method which
holds promise for imaging the domain structure of magnetic monolayers. By
allowing real-time recording of bulk samples, this method may also  permit
studies of dynamic properties at high temperatures.

These various magnetic field imaging techniques may be classified
according to whether they require thin, electron transparent  films for  the
transmission geometry, or bulk samples for either the reflection geometry or

for the detection of back-scattered | or secondary electrons. Ultrahigh vacuum
conditions may also be needed for the study of magnetic monolayers prepared in
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surface science laboratories. We will restrict ourselves to those methods which
have been developed for use in modified transmission electron microscopes. The
most important modification is the creation of a field-free region around the
sample. (Conventional transmission electron microscopes operate  with  the
sample immersed in a field of about 2T). This is easily achieved in older TEM
instruments where the objective lens may be switched off. The diffraction lens
can then be used to tform a low magnification image of the sample. On modern
machines where microprocessors are used to control all the lens currents,
extensive modifications may be neccessary. A controllable transverse field at
the sample level is also desirable for dynamic magnetisation experiments.
Convenient donble-tilting  transmission heating stages capable of heating
samples up to about 1000°C while retaining an alignment precision of less than
a milliradian have also become available recently for the first time, and will bhe
useful tor the study of magnetic phase transistions. Video-rate recording
systems with image intensifiers are also now available commercially for TEMs.
Since some of the most important results have come from comparisons of
crystallographic and magnetic microstructures, atomic resolution transmission
electron microscopy (and diffraction contrast imaging) may also be needed.
This is particularly important for research on flux pinning mechanisms, on
small particles, and on multilayers. In multilayers the important question arises
as to how the multilayer crystallographic structure influences the magnetic
domain structure, and how this differs, it at all, from that of a random
substitutional alloy. As an example of the contribution which high resolution
electron microscopy can make , figure 1 shows a non-magnetic multilayer film

under development for possible application as an X-ray mirror 2. The crystalline
silicon substrate can be seen, together with alternating layers of Mo (darker
fringes) and amorphous silicon. This image was taken on an atomic resolution
transmission electron microscope. As discussed below, contrast in the thinnest
regions results from phase changes in the electron beam, and is proportional to
the projected electrostatic crystal potential V(x,y). In ferromagnetic materials,
an additional weaker phase shift due to the magnetisation of the crystal would
be superimposed on this electrostatic contrast. The interface abruptness can be
estimated on an atomic scale from these images, which were recorded on a JEOL
4000 transmission electron microscope (TEM) , with a point resoiution ot 0.17
nm.

Several reviews of the TEM imaging of magnetic materials have appeared

recently 3. 4 5.

2. INTERACTIONS AND CONTRAST MECHANISMS. AHARONOV- BOHM

The formation of a high resolution image which can be simply related to
the strength and direction of the total magnetic field B within a crystal
requires at least the following : (a) A strong interaction between B and the
imaging radiation, (b) A convenient lens, or a sufficiently coherent radiation
source to allow holography. (Incoherent projection imaging methods are
limited in resolution by the available detector resolution). (¢) A method of
three-dimensional reconstruction of the vector potential A from the projection
of one component of A which imaging systems provide.

Neutrons possess a usefully strong magnetic interaction, however despite
active research, convenient lenses have yet to be developed. (It based on the
Fresnel zone plate, the lens resolution would be equal to the width of the
smallest (outermost) zone). For X-rays, however, the direct magnetic interaction

is extremely weak. (X-ray topogr.phic images do not show 180V domain walls).
The projection problem for vector fields is particularly ditficult, and no
succestul three-dimensional reconstructions of  this have yet been reported.
Field emission electron sources are the brightest particle sources known
to physics. Since brightness may always be exchanged for coherence, these
sources therefore allow holography experiments to he conveniently
undertaken. Detectors with a quantum detective efficiency close to unity are
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Figure 1. High resolution transmission electron micrograph of a an Mo/Si
multilayer grown on (100) crystalline silicon. The silicon (111) lattice fringes
can be seen (spacing 0.311 nm) . Darker layers are Mo, lighter layers are
amorphous  silicon.

available for electrons.  Magnetic electron lenses are now commercially
available for clectrons whose energy is a few hundred kilovoits with a
resolution as small as 0.17 nm. Also for electrons, the classical Lorentz force
provides a usefully strong  magnetic interaction. For the quantitative analysis
of magnetic contrast images at high resolution, however, the equivalent
quantum mechanical interaction is required. We now discuss  the relationship
between these two descriptions of the interaction, since this forms the basis of
all electron microscope magnetic contrast imaging methods which use
polarization insensitive electron sources and detectors.

Consider a collimated (plane-wave) electron beam traversing a thin
magnetised slab of single crystal of thickness t , as shown in figure 2. Radiation
from S passes through the crystal at A to the detector at D. If m is the electron
mass, A its wavelength, e the electronic charge, V = V(r) the crystal electrostatic
potential in volts, E0 the accelerating voltage, A the vector potential (with B =

curl A) and p the beam electron's momentum, then the Hamiltonian describing
the interaction of the beam electron with the crystal potential is | in S.I. units,

1
H=-2,7(p+eA)2-eV 1

As discussed in section 5 this interaction, when used in the Schroedinger
equation, leads to a "transmission function” for the incident electron beam of
the form

x(x.y,t)=exp(i—g—_[v(x,y.2)dz —%.—e_[Az(x.y.zﬂz)

where h is Planck’s constant. For a very thin sample (less than 20 nm thick in a
200Kv clectron microscope) equation 2 gives the wave-function across the
downstream face of the sample. We conclude that thin TEM samples of magnetic
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Figure 2. The geometry of Lorentz microscopy and interferometry exper-
iments. § - electron source. D - clectron detectee. The path of the integral
in equation 3 is SADG. A simple domain wall (D.W.) is also indicated, with two
possible  magnetisations.

materials are phase objects, in which the spatial variation of phase contains a
large contribution from the projected scalar electrostatic crystal potential and
(even for ferromagnets) a  smaller contribution from  the vector magnetic
potential. For a foil thickness of about 100nm as used in the DPC method (see
section 4), phase changes due to the magnetic interaction alone of up to IS
radians are common, so that the first-order expansion of equation 2 (the “"weak
phase object” approximation) cannot be made.

It is this wave-function ¥  which is imaged by the electron lenses in a
high resolution electron microscope. In order to convert this phase variation
into an intensity variation, any of the methods of optical phase contrast
microscopy may be used. In conventional high resolution lattice imaging (e.g.
tigure 1), a special choice of objective lens tocus deficit is used, so that the
image becomes an in-line, bright field hologram. By introducing aberrations
and a diffraction limit, these lenses also limit the resolution of the image to
about 0.2 nm. Since the first term in equation 2 is much larger than the second,
under high resolution imaging conditions where many Bragg beams contribute
to the image we see only a projection of the electrostatic crystal potential V. If
the resolution of the microscope is limited, however, by using a small central
objective aperture to exclude  Bragg diffracted beams, the fine lattice periodicity
in V(x.y,z) may be surpressed, leaving contributions only from the second
{magnetic) term, from thickness variations, and from the effects of  bending on
the local diffraction conditions. At large defocus, the magnetic phase change
produces the characteristic fringes at domain boundaries which form the basis
of the Fresnel method. We note that the c¢lectrostatic and magnetic contributions
to the phase of the electron wave-field can be distinguished if the sample
magnetisation is reversed (for example by inverting the sample).

The first (electrostatic) term can be written in a similar form to the
second (magnetic) term. since, if T represent time, and T is the time taken for
the electron to pass through the sample at velocity v,
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We shall also be discussing off-axis electron holographic methods for
obtaining magnetic contrast. For this purpose, the phase shift between the ray
SAD and the reference wave SGD shown in figure 2 is, for a constant magnetic

. 6
fiecld B = Bo )s

_ 2re Cd1 Zre Cdeo 2tXxe o _ 2rme
26 =S [A-d1- 5% [B-ds~ T1X%8, - T 3

Here Stokes' theorem has been applied to the integration path SADGS, which
encloses flux @ . Since the integral of the tangential component of a gradient
around a closed path is zero, the gradient of any scalar function may be added to
A without changing A8, and this observable is ther:fore gauge invariant. The
Aharonov-Bohm paradox arises if a compact solencidal field is placed between
the ray paths. Then the rays may pass in regions where B = 0, but A#0. A phase-

shift is nevertheless observed experimentally
The detlection of the ray AD at z = t in figure 2 is thus

A0 _MeB, .

* 7 o h -
The hyperbolic wavefront PQ is seen to suffer a local deflection o This is the
same deflection which would be calculated using the classical Lorentz force law.
For t = 200nm, a = 0.2 mRad for a typical ferromagnetic material irradiated by
100 kV electrons. This is considerably less than the Bragg angle. Internal
magnetic fields within a crystalline sample containing many domains therefore
produce fine structure ( spot splitting) in transmission electron diffraction
patterns. It is large enough, however, to alter the local diffraction conditions
(i.e. the Ewald sphere orientation) of the electron beam. This provides the
second important source of contrast in crystalline magnetic materials. A beam at
the Bragg condition in one portion of a crystal (and hence causing that portion
of a bright-field image to appear dark) may be deflected out of the Bragg
condition by local magnetic fields in another, causing it to appear bright

For thin samples containing a spatially varying field By(x) (see figure 2)
the variation of phase across the downstream face of a sample of constant
thickness t between points x) and xp is given by

20 ) = 2t {78, i ix s

The effect of a domain wall {D.W. in figure 1) is therefore akin to that of a
Fresnel biprism in optics. Note, in particular, that if the integral had been taken
along a line of B (i.c. in the y direction), then A6 = 0. This result is used to
interpret finges in the electron holography method. In case 1) in figure 2,
electrons passing through the domain whose magnetisation runs in the -y
direction will be deflected in the +x direction, and so overlap with those
deflected in the opposite direction which have passed through the other domain.
The resulting interference fringes  observed at large defocus delineate the
domain boundary by a bright fringe, and form the basis of the technique of
Fresnel mode Lorentz microscopy (for a review, see Jakubovics 1975). In case 2),
a deficiency of intensity is produced. This method is the simplest method of
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obtaining contrast from magnetic structures in a TEM. Because of the large
detocus and high coherence required, however, the images are faint (unless a
ticld-emission gun is used) and show poor resolution. A considerable amount of
work has been devoted to the problem of extracting the variation of magnetic
induction  from these Fresnel fringe images (see for example 8). The number
of adjustable parameters in such a "refinement” can become rather large,
however. These include defocus setting, thickness t, magnetic field model
parameters, magnification, field strength, inelastic scattering parameters etc.
The method has theretore proven to be usetul mainly for qualitative work. In
the related Foucault mode, a half-plane objective aperture is used to produce in-
focus phase contrast. This method complements the Fresnel mode in that, unlike
the Fresnel mode, it provides a level of contrast which varies with the mean
direction of magnetisation in the sample. Both therefore provide simple and
usetul qualitative imaging techniques for magnetic materials in TEM
instruments. For both, the relationship between magnetisation and image
intensity is highly non-linear (see figure 5). In general, while a knowledge of
the sample magnetization fixes A6(x,y), the inversion is not unique.

3. ELECTRON INTERFEROMETRIC TECHNIQUES

Gabor's original proposal for holography described a system for electron
(not optical) holography. While initially overshadowed by the spectacular
successes of optical holography, work on electron holography has nevertheless
continued steadily for over thirty years. Whereas most of this has been aimed at
improving atomic resolution images of the electrostatic potertial, it is ironic
that perhaps the most successtul results to date have come from the application
of electron holography to the imaging of magnetic structures, as first suggested

by Cohen 9 Dramatic results have appeared over the last decade from at least
three groups, in Bologna, Tubingen and Tokyo (Hitachi),. This has been chietly
due to the recent development of stable fieud-emission electron gunw for TEM
instruments. (These were previously available only for ultra-high vacuum STEM

machines). The field of electron holography has recently been reviewed 10 The
tield-emission gun provides sufficient coherence and intensity to allow the
recording of as many as 500 fringes in a few seconds onto film. The finest
tringes so far recorded appear to be less than | nm, however other material's
dependent  factors limit the resofution of the method for magnetic samples, as
turther discussed below. For good separation of the real and conjugate images
one requires a carrier frequency about three times higher than the highest
spatial frequency of interest in the image. The magnetic lenses of the
microscope provide some magnification, and, if  the reconstruction is completed
using  laser illumination, a further magnification equal to the ratio of the
electron to laser radiation -vavelengths is obtained. The use of an clectrically

charged fine wire beyond the sample as a beam-splitter " has now bhecome
established as the most versatile and convenient experimental  arrangement.
(Amplitude division of wavefront, using a thin crystal at the Bragg condition,

has also been used l0). By placing this wire between two grounded vertical
plates in the selected area aperture position, an electron biprism is created. The
sample is then  illuminated by two virtual point sources. Intepretation is greatly
simplified, however, if it is also arranged for one of the incident waves to pass
only beyond the edge of the sample 12. The resuit may then be interpreted as an
off-axis electron hologram. Then, if the film detector is arranged to be
conjugate to a plane a distance Af beyond the lower sample surface . the
wavefield beyond the sample where the two wavefields overlap s

2ni ,’L) 6

Vi,y)=x", .y, t +&)+exp(-

Unit magnification has been assumed, and X'ap is related to x by the Fresnel
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free-space propagator 13. Here s is related to the voltage on the biprism, and so
is under the control of the experimenter. Information on the spatial variation of
the  magnetic potential is thus encoded in the intensity variation of the fringes
Y *,

From equation 3 we see that the ;hase shift between the transmitted
wave and the reference wave will be 7 if the enclosed flux amounts to h/2e =

4.13 X IO'15 Wb, or one gquantum of flux (one fluxon). ("Phase amplification” by
n is also possible, in which fringe maxima are produced for every change of

h/ne in enclosed t'luxlz). The reconstructed holograms  show contour map: of

the phase variation A8 in the spedimen. Changes of 2m tvpically occur over
dist-ncev of about 50 nm. As discussed following iaation 5, these contours may
be interpreted directly as magnetic lines of  torce, since the phase change
along them is zero . Unfortunately, what is imaged in both the holographic and
DPC methods is the tota' ficld B, inc'uding stray fields outside the sample (H is
not neccessarily zero outside a ferromagnet) rather than the desired
magnetisation M.

Figures 2 and 4 show examples of reconsiructed holograms for a small

cobalt particle 14, and for a cobalt magnetic cecording medium on which digital
bits have been recorded 15. The coba:t film thictness was t = 45 nm, and the bit
length 5 microns, with Mr = 890 G and H; = 340 Oe. Leakage fields outside the

Figure 3. In-focus image (left), phase contrast, reconstructed hologram
(middle) and original interferogram (right) from a truncated  tetrahedral
14

particle of cobalt with (111) faces

film (on s side) are seen above figure 4(a). From this work it was confirmed
that the width of the transition region was proportional to Mr t /HC. In figure 3

are seen the interferogram and reconsiructed hologram trom triangular cobait
particles.  The interferogram can be ured to show that the magnetisation runs
anticlockwise in (b) (particles with clockwise magnetisation were also found).
From the known shape of the pariicles, it could be concluded that the outer
tringes in 3(b) are due to thickness changes, and the in-=2r to magnetisation. It
is postulated that at the central point the dipole moment is vertical. A cross-tie
domain wall has also been imaged by this method (and compared with Lorentz
images) in a thin film of Permalloy 12 Single fluxons have been imaged
entering the surface of a superconducting lead film 12. The method is thue a
quantitative one since, it the sample thickness is accurately known, absolute
values of flux density (averaged through the sample thickness) may be
wetermined. Against this important advantage over the Fresnel and Focault
methods  must be set the disadvantage that, in order to obtain an unobstructed
reference wave, only sample . cions near an edge may be studied. In thicker
samples, inelastic scattering also reduces fringe contrast.
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Figure 4. The upper figure shows the reconstructed phase-contrast hologram
of a thin film of cobalt, on which has been recorded alternating “bits”

of magnetisation (shown by arrows). The upper fringes are stray fields beyond
the edges of the "tape”. The lower figure shows the corresponding Fresnel

image

Field-emission TEM instuments are now available commercially for this

work, at a cost of over $100. Some must be moditied by the installation of a
biprism, and facilities provided for eliminating the objective lens field. A
controllable transverse ficld may also be required at the sample, and a heating
stage is desirable. As an alternative, an instrument which uses an electrostatic

objective lens and a field-emission gun has also been built 16, These workers
have pointed out that, if a minimum detectable phase shift of 27/100 is assumed,
equation 3 suggests that the lateral resolution will ultimately be limited by the
weakness of the field in the sample and the noise properties of the electron
image recording, rather that the resolution of the electron microscope.

4. DIFFERENTIAL PHASE CONTRAST (DPC) IN STEM

While the reciprocity theorem of optics ensures that both the Fresnel and
Foucault modes of Lorentz microscopy may be employed in a Scanning
Transmission Electron Microscope (STEM), these instruments also offer new
possibilities for phase contrast imaging. The most successful for magnetic
materials has been the DPC mode 17, based on the use of a quadrant detector 18.
In STEM, a sub-nanometer sized probe (generated by a field-emission gun) is
scanned over a thin sample, and some portion of the transmitted intensity is
then used to form the scanning image. In the DPC mode an axial circular
detector is used, divided into four quadrants, and the image formed from
differences between the signals arriving at opposite sectors. For example,if the
quandrants are labelled A,B,C,D (clockwise), then the signals X = (A+B)-(D+C)
and Y = (A+D)-(B+C) give difference signals measuring the x and y field
components running normal to the cut in the detector. For normalisation, these
may each be divided by the total signal (A+B+C+D). The resulting signal will
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normally be zero, unless an internal magnetic field is present to deflect the
beam slightly over the detector. The difference signal X, for example, can be
seen from geometrical optics to be proportional to a, and hence to By(x) from
equations 4 and 5 (and similary tor Y, which gives B, ). Care must be taken,
however,  to ensure accurate "de-scanning”, so that the diffraction pattern does
not move due to the scan displacement of the probe. A tuller analysis 19, based
on the wave-optical formulation of phase-contrast image formation  for a pair
of semi-circular detectors  shows that the difference signal is proportional to
the gradient of the sample phase function A8(x) taken in the direction normal to
the cut in the detector. Thus if the detector cut  runs in the y direction,

6A6Q()=2"et8y(x)_2mx 7
ax h )

In a digital STEM »system all four signals may be processed and displayed
simultaneously, or stored. Thus it is possible in DPC to obtain a map of the two-
dimensional (x and y) vector field, projected through the sample.

This important result indicates one of the main advantages of the DPC
method by comparison with Fresnel and  Focault methods - its linearity. It can

be shown 19 that the ideal DPC detector is a first moment detector whose

response is proportional to spatial frequency. Such a detector gives a linear
image whose intensity is proportional to the phase gradient (and hence to Bv(x))‘
even  for the "strong” phase object of equation 2. For more practical quadrant
detectors, nonlinear effects even in strong phase objects have been found to be
appreciable only for very narrow domain walls in very thick samples, in which
the phase-gradient may change very rapidly. Figure 5§ shows calculations
comparing Fresnel, Focault and DPC images for an assumed variation of

induction across a pair of 180" domain walls, illustrating the linearity of DPC.
Note the similarity of the DPC image to By(x). In geometrical terms, non-linear

effects are found to be important if the Lorentz detlection exceeds about 20% of

the illumination half-angle 20. For very high resolution work the properties of
the probe become important, and deconvolution procedures must be considered.
Apart from its desirable linearity, the DPC method may be used in
thicker samples than the holographic method, since inelastic scattering is less
deleterious. It also allows real-time observation of a live image, without the
delays involved in holographic reconstruction, so that features of interest may
be sought before recording. Useful DPC images have also been obtained without
using a field emission gun on a conventional TEM instrument (with scanning

attachment)zl.
The DPC technique has now been applied to many materials, including

vortex walls in soft Ni-Fe-Co-Ti magnetic alloys ““. The subject of DPC imaging

in STEM has been reviewed recently 23. Figure 6 shows an example of the
reconstruction of a vector field map, obtained by DPC.

5. MAGNETIC CONTRAST FROM BULK SAMPLES IN THE REFLECTION GEOMETRY

In this section we consider an approach to the problem of imaging
magnetic domains on the surface of a bulk crystal. The techniques so far
described all require the use of thin films. If these are prepared from bulk
material, the magnetic domain structure may change during sampie
preparation - for example any perpendicular magnetisation may be lost. While
no three-dimensional mapping techniques exist for bulk materials, their
surfaces may be studied in the Bragg (reflection) geometry in any modern
electron microscope. The experimental arrangement is similar to RHEED. By
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Figure 5. In (a) is shown the variation of induction across a pair of 180°
domain walls in a film of permalloy 12nm thick, according to one theoretical

model

(b) shows the calculated image in the Fresnel mode.
(¢) shows the caiculated image in the Focault mode.
(d) shows the calculated differential phase contrast (DPC) image 35-
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Figure 6. DPC vector map of

CO85PI|5 20

magnetisation across

This vector image was obtained from

a reversal domain in
two successive DPC images.

The detector has been rotated by 90° between images. Each image gives one
component (normal to the cut in the detector) of the field. The width of the
image is 4.46 microns.
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sclecting the reflected Bragg beam by passing it through a small aperture for
imaging, the mode known as Reflection Electron Microscopy (REM) is obtained.
The development of molecular-beam epitaxy and other controlled crystal
growth techniques has now made possible the fabrication of magnetic
monolayer systems on bulk substrates of great theoretical and practical interest,
which might be studied by this method. These low-dimensional spin systems
present challenging theoretical problems in electronic structure calculations,
such as the computation of spin-polarized photocurrents and magnetic
anisotropy . For device applications, the possibilities of developing "vertical”
magnetic recording media of very high density, and uses of the
magnetoresistance effect have both attracted considerable interest . Systems
such as Fe on Cu, Fe on Ni, Fe on Ag, Fe on Au, Ni on NaCl , Fe on W, Co on Cu and

Fe on GaAs have been extensively studied amongst others 24 Tpe mechanisms of
monolayer growth have been studied by LEED microscopy (LEEM) and STM.
Magnetic properties have also been studied by photoelectron diffraction, Auger
spectroscopy, spin-polarized photoemission , SEXAFS and surface energy loss
spectoscopy.

An example of an REM image of GaP is shown in figure 7, and a fuller
discussion of this imaging mode (for non-magnetic materials) can be found
elsewhere 25.

obtained of surface phase transformations on the silicon (111) surface at 830 °C

In surface science, spectacular REM “movie" images have been

in an ultra-high vacuum electron microscope 26. We now wish to consider the
application of the REM method to crystalline magnetic materials, and assume
that a crystal surface has been prepared inm situ, in which the magnetic domain
size is smaller than the crystal grain size. (For fine-grained bulk

polycrystalline magnetic materials this is not usually so, and the REM method is
theretore unlikely to be useful). An in-situ U.H.V. preparation chamber
attached to a TEM or STEM will therefore be required for experimental tests of

the following calculations 27.
We are therefore led to consider the effect of the Lorentz force on the

diffraction conditions of a beam in the RHEED geometry 25. For a 120kV electron
beam incident on Fe, the angular deflection along the beam path is about 0.4
mRad for a path length of 200nm, so that the corresponding change in
diffraction conditions may be considerable, leading to appreciable diffraction
contrast in an REM image. The effect may be enhanced at the surface resonance
condition. We now test this contrast mechanism, using detailed multiple
electron scattering calculations.

As a model system, we consider a monolayer of Fe on the (110) bulk GaAs
surface, with the celectron beam at glancing incidence running approximately
along [001] in the plane of the surface. If terms in the square of the small
vector potential A in equation | are neglected, the non-relativistic
Schroedinger equation becomes

2 ,
v?y+§”7’§’—e—v+eow+&;ikw=o 8

We have shown elsewhere 28

recursion method 29 under the usual approximations if the "transmission
function” for a thin slice is taken to be

that this equation may be solved by the multislice

o

X=exp%%_£v(ny|zﬂ _ia;;—e—IoAzdz)
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Figure 7. REM image of a cleaved crystal of GaP. This was obtained on a
Philips EM400 TEM. Surface steps, and the image (and its mirror reflection) of
an opaque particle are seen. (courtesy of Dr. N. Yamamoto). The image is fore-
shortened in the beam direction by about 40.
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The first term is the conventional phase-grating term used in the multislice
algorithm - the second describes the effect of a weak magnetic field inside the
sample. The electron wavetield ¢, | on the [001] plane before traversing a slice

is related to that (¢ ) after the slice by

b, 0y, z)=W, &.,y.z)x]*Pk,y) 10

where P(x, y) is a free-space Fresnel propagation function

i in’+y? y
Az P ) =

P&.Y) -5

Az iy the thickness of the slice, and the asterisk denotes convolution.
The results given below  were obtained using the artificial superlattice

method tor RHEED, as described in detail elsewheie 30. where it is compareu with
other methods. Unlike ditferential equation, slice, or Bloch-wave methods which
assume perfect translational symmetry in the plane of the surface. our method
takes slices approximately normal to the electron beam (which lies almost in the
plane of the surface). The advantage of this approach is that discontinuities
such as surface steps, emerging dislocations, inclined stacking faults and
surface roughness generally may easily be incorporated into the calculation.

A siab of crystal, together with an ajoining vacuum space was made
artiticially  periodic in the [110] direction (normal to the surface), as shown in
figure 8. The height h of this crystal/vacuum slab (one period) was either 8nm
or 16 nm. This limit on the incident beam width results in a spread of the
diffracted beams over an angular range of about 0.5 mR. Slices of thickness
0.28267 nm were taken normal to [00!], the approximate beam direction, and the
multi-slice recursion algorithm used to calculate the resulting RHEED pattern,
The calculation was continued umil any perturbations due to the starting
condition had decayed. (For further discussion of RHEED calculations by the

multi-slice method, see 25). Typical computation times on our Vax station were |
hour, with a 32 X 1064 array of "beams” , for a distance of [10 nm along the beam
path. The large number of dynamically coupled "beams” results from the use of
the artificial superlattice - the number of true reciprocal space rods included in
the calculation was 32.  Scattering factors for neutral atoms were taken from the
International Tables for X-ray Crystallography. Calculations were performed for
the (440), (660) and (880) specular beams. No absorption effects were included.
The figures show  either the real-space intensity distribution of the wave-tield
on a plane normal to the beam near the surface ot the crystal, or the Fourier
Transtorm of this complex real-space wave-field in steady state. The later gives
the rocking curve which would be obtained using a coherently filled cone of
illumination. Since radiation from a point source reflected from an atomically
smooth surface gives rise to a point diffraction pattern in RHEED (in the absence
of thermal vibration) , this rocking curve is the same as that which would be
obtained from an extended incoherent illumination source.

A perfect lattice match was assumed between the Fe and GaAs, and misfit
dislocations and other defects neglected. All Fe atoms in the top monolayer were
placed on bulk GaAs sites, in view of the very small misfit of the two crystals. We
have assumed an internal magnetic field of B = 2T = 20 kGauss for the Fe layer,
and zero in the GaAs. (For a discussion of the measured magnetic and growth

properties of this system, see 31). For simplicity in the calculations the magnetic
structure of the domain boundary is taken to be completely abrupt. Domain
boundary structure may therefore actually introduce additional broadening in
the images.

It will be seen from figure 8 that there are three important directions for
B. Boundaries may run in any direction. Case | produces negligible Lorentz
force. Case 2 results in a change in azimuth, while case three results in change
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Figure 8. Geometry used for RHEED calculations, showing three directions

tor B. The RHEED calculations take slices normal to  [001], the approximate heam
direction.  The crystal slab and vacuum space is  periodically continued in the
[110) direction.

in the beam elevation 6. Because of the vertical mirror plane of symmetsy

normal to f110] , a reversal of B in case 2 produces identical deflections from
the [001] beam direction and identical diffraction conditions, and theretore no
contrast across a domain boundary. We therefore consider case 3 first.

Figure 9(a) shows the wavefield intensity distribution inside the crystal
for the (440) specular condition at 120 Kv. at successive increments of 27.15 nm
along the beam path. The sense of the internal magnetic field has been reversed
after panel E, causing a small local change in 8,, and diftraction conditions.
Figure 9(b) shows a similar calculation for the (660) specular beam. The beam is
incident in the [170] plane, and makes an angle of approximately 90” - 8, with

the [110] surface normal direction, where (non-relativistically)

2

2
b in = o B~ (volE()) 12

with V0 the mean inner potential for the surface layer, and 6y the Bragg angle
for the specular beam. For pure GaAs, Vn = 13.2 + 0.6 eV 32, Equation 12 gives the
approximate RHEED Bragg condition for monolayer systems on a GaAs substrate -
the precise position of intensity maxima along the reciprocal lattice rod for
monolayers can only be obtained from  multiple-scattering calculations.
Equation 12 can be expected to be most in error for high energies and very
small  angles, wher¢ the electron flux is confined to the monolayer whose mean
inner potential differs from that of the substrate. For certain voltages and
materials the rocking curve maxima may not occur at the Bragg angle.
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Figure 9. (a). The two-dimensional real-space electron intensity
distribution for 120 kV electrons incident on a monolayer of Fe on the GaAs
(110) surface. Beam direction approximately normal to the page, satisfying the
(440) specular condition. Each panel A - I shows the wavefield at increments of
27.15 nm along the beam path, with the first panel A at 27.15 nm and the last (i)
at 24435 am. The direction of the 2T magnetic field is indicated.

We see from figure 9 that if the small (440) grazing angle of incidence is
used, the penetration of the wavefield is about one layer, and is contined
mainly to a thin sheet of intensity in the Fe monolayer. For the (660) beam
(figure 9(b) ) however, the penetration is increased considerably to several
layers. The use of higher angle beams thus produces less foreshortening F =
1/ sin@ . in the REM image, at the cost of deeper penetration into the sample.

(The respective foreshortening factors in figures 9(a) and (b) are 86 and 42).
These calculations do not include an absorption potential, which would have the
effect of reducing the penetration still further. Absorption is also responsible
for the depletion of the transmitted wave, which can be seen splitting off in the
last panel (I) of figure 9(a).
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Figure 9. (b). Similar to figure 9 (a), but for the (660) specular reflection.
{001] azimuth, Penetration is much greater. The structure is indicated below,
with the position of the surface also shown.

Figure 10 shows the integrated intensities of the same (440) and (660)
specular beams shown in figure 9 as a function of z-coordinate along the [001]
beam path. The intensity shown is the integral of the intensity along the beam
path from the beginning of the crystal, so that a constant slope represents the
steady state condition. The magnetic field is reversed at T. The width of the
perturbed region R shown is found to be about 88nm for the (440) monolayer
case and 75 nm for the (660, beam. The width of this perturbation required to
re-establish the steady state may be taken as a rough measure of the resolution
of the REM magnetic contrast, in the most unfavorable case, where a magnetic
domain boundary crosses the beam path at right angles.

Figure 11 (a) shows computed rocking curves for the (440) specular beam
(8;, = 11.6 mR) for cases two and three, with B = +2T. These were obtained by

Fourier transform of the steady-state wave function, usually the last slice. For a
typical experimental incident beam divergence, all of the rocking curve shown
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Figure 10. {a) Intensity, integrated along the bheam path. of the (440)

specular beam trom 4 monolayer of Fe on GaAs (1) ay a function of distance
along the beam path. The 2T surface magnetic field direction (normal o the
page) is reversed at T. The distance R mayv be taken ay an approximate estimate
of “resolution” for this sample in this direction.
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Figure 10, (%) Similar to figure 10(a). but  for the (A60) specular beam.

Taken from the data of figure 9.

would contribute to the REM image. From the curve areas, we tind the change in
intensity due to the reversal of B across a domain boundary to be 28% in case 3.
Figure 11 (b) shows similar results for the (660) beam. In this case the intensity
change is reduced to 26% due perhaps to the greater penenctration of the beam
into the GaAs bulk. Here 6, = 23.5 mR.

Figure 12 shows similar calculations for the (110) surface of bulk iron. In
figure 12 (a) is shown the RHEED rocking curve for the (660) specular beam,
while figure 12 (b) shows the (880) specular beam. As expected, much larger
RFM contrast (59%) across a case 3 magnetic domain is obtained from the more
deeply penetrating (880) beam than from the (660) beam (23%).
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Figure 11, (a) RHEED Rocking curve for (440) specular beam at 120 kV.
Monolayer of Fe on GaAs (110). Curve 3 computed with B along [1.-1.0{. in the
plane of the surface, normal to the beam. Curve 3' - direction of B reversed.
Curve 2 - case 2 in figure 1, along [110]. (No change on reversal due to
symmetry). Steady state condition. Azimuth [001]. B = +2T.
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31
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Figure 11. (b) Similar to 4 (a) for (660) specular retlection. Intensity

scale is  arbitrary. Abscissa is in inverse Angstroms.
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Figure 12. (a) As for figure 11, but showing the (660) specular RHEED beam
reflected from the bulk Fe (110) surface at 120 kV.
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Figure 12, (b) As for figure 12 (a), but showing the (880) specular RHEED
rocking curve from the bulk (110) Fe surface.
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Figure [3.  (a) Magnetic domain boundary parallel to {001] beam direction,
which is into the page. (660) specular condition at 120 kV on Fe (110). Directions
of B shown. The periodic domain width is 0.8 nm. Steady state condition.
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Figure 13. (b). Rocking curves for figure 13(a). Curve 3 has B parallel to
[1-10], curve 3' has the sense of B reversed.
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For the special case of a boundary running parallel o the hcam. in case 3,
the resolution may be very high, since there is then no tqreshorten\mg acToss
the boundary. Figure 13 (a) and (b) shows calculations for this case tur' thg (110)
surface of iron, with the electron beam into the page. In figure 13 (a) it will be
seen that the Lorentz force acts to increase 6, in the uppermost domain,

leading to slightly increased penetration. Figurc‘ 13 (b) shows the i
corresponding  rocking curves. (It differs from tigurg 1% (a) because of tt'lc.
transverse spreading of the wave between domains in figure 13 (h).). A similar
boundary in case 2 might be expected to pr})duce a narrow bar_1d of contrast
along the beam path where the wavefields from adjacent domains L)chlap. A
contrast difference between domains in case 2 may be obtained by t}ltnng‘thc
incident beam slightly off the symmetry plane. The resolution limit for  images
of domain boundaries running parallel to the beam may thus be equal to that set
by chromatic aberration in REM. This is about 1 nm at 100 kV, measured normal
to .- beam. .
“hese calculations take no account of the inelastic background present in

RHEL! due to plasmon excitation. Recent dynamical inelastic calculations 33
show that inelastic scattering makes a most important contribution to the so-
called "resonance” condition. At the optimum condition (close to the (66@) .
specular condition for bulk (110) GaAs at 120kV ) the total elastic plus inclastic
scattering within the (660) rocking curve is more than twice that due to elastic
scattering alone, while the total scattering at resonance increases by a factor of
more than two over the non-resonance condition. The dominant processes  are
surface plasmon excitation and phonon scattering. We expect the small-angle
plasmon scattering to contribute to the magnetic dlttracthn contrast, but the
larger angle phonon scattering to produce a slowly varying background.

6. CONCLUSIONS

Several powerful TEM techniques now exist for the spatial mapping of
magnetic fields within thin films. The simplest of these, the Fresnel and Focault
modes, may be used with slight modifications to most modern TEM instruments.
They are mainly useful for demonstrating the existence of domain walls, and to
trace their direction at low resolution. For higher resolution, quantitative work,
the DPC method in STEM appears to be the most versatile method available at
intermediate cost and complexity, being  suitable for the thicker samples likely
to be of greatest interest to materials scientists. The most dramatic detailed,
quantitative images of the internal fields in small particles and thin films have,
however, been obtained by the more complex and costly electron holographic
method. This method is restricted to the edges of very thin samples, but may
eventually allow both the lattice image and the magnetic image to be obtained
simultaneously. In addition we may expect that the cost of field-emission TEM
machines will fall in the near future as these gain popularity for other
purposes.

Our calculations for magnetic contrast in REM suggest that magnetic
domain boundaries may be expected to give usefully large contrast changes in
reflection electron microscope images of monolayer films of iron at 120 kV.
Contrast of about 28 % is predicted for a reversal of the magnetic field within a
monolayer of iron on GaAs. The effects of inelastic scattering might be expected
to reduce this somewhat, however this is difficult to predict without more
extensive dynamical inelastic scattering calculations since it appears that
inelastic scattering makes a strong contribution to the resonance intensity.
While the penetration of the wavefield increases from one to about seven
atomic layers in going from the (440) to the (660) specular condition, the loss of
magnetic contrast is small and a desirable reduction in foreshortening is
obtained. Thus higher order beams appear most useful for imaging, whilst the
confinement of the clectron wavefield to the magnetic surface monolayer found
at low angles may find application in the study of channelling effects.
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The resolution of REM images of domains depends on the direction of the
boundary, and is greatest in the direction normal to the heam for a boundary
runpning parallel to the beam. For boundaries normal to the beam, perturbations
in the image extend for about 80 nm along the beam path.

The ability to image these systems in an electron microscope would allow
the study of the interaction and pining of two-dimensional magnetic domains
with surface defects such as steps and dislocations, and of their temperature
dependence. The required ultra-high vacuum electron microscopes,  are now
operating in a few laboratories 27
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ABSTRACT

This paper covers, in this workshop, the part related with
Tunneling Microscopy; i.e. Scanning Tunneling Microscopy (STM)
and Atomic Force Microscopy (AFM). The lectures give a review
of the field, but these notes will be more limited to the
application of magnetic materials. The version of AFM in
magnetism is known as the Magnetic Force Microscopy (MFM).
Therefore we present STM applied to polarized electrons and
some MFM results applied to recent experiments in magnetic
materials and to high temperatures superconducting materials.
However there are excellent reviews and comprehensive books
that we reference and the reader can follow any specific field
with the references quoted.

INTRODUCTION

STM is a technique that we all own to the discovery of
the instrument by Binnig, Rohrer, Gerber and Weibel'. This
discovery deserved the 1986 Nobel Prize in Physics2 and today
the application of the instrument has extended to many areas
of Physics, Chemistry and Biology3. It is always interesting
to know how an important discovery was done for this purpose.
We direct the reader to the Chapter by Garcia in Ref.2 where
part of the text of the Nobel Lecture given by Binnig and
Rohrer is presented. We also direct the reader to Ref. 3
which is a very comprehensive book about "STM and Related
Methods" and represents the Lectures and Seminars of a NATO
ASI Series that took place in Erice (Italy) in 1989; it was
organized by Behm, Garcia and Roher. For those who want to
know what is STM and its perspectives this is the appropriate
book. There are also some other good reviews and Proceedings
of Conferences to which we refer and that can be followed for
additional information in particular topics.

Science and Technology of Nanostructured Magnetic Materials 30
Edited by G.C. Hadjipanayis and G.A. Prinz, Plenum Press, New York, 1991



Here we also present a program, as was followed in the
lectures, with the more adequate references to follow in each
session in case that the reader wants to look at it in more

detail.

LECTURES PROGRAM

(7)

(B)

Lecture on STM

STM: Apparatus, mode of operation and recording
Microscopy and Spectroscopy. Resolution of the
devices and some examples. Refs. 2,3,4.

Theory of the tunneling current and its
derivatives. Refs. 2,3,5,9-13.

Interaction Forces between the tip of an STM
and the surface. Refs. 2,3,14.

Can STM give information in an atomic scale by
measuring the tunneling current between two
magnetic electrodes (ferro or antiferro-
magnetic)? Theory of tunneling between magnetic
electrodes. Does s and d orbitals have the same
tunneling probabilities? Discussion of a new
experiment in Basel University on tunneling
between spin polarized electrodes(Refs.15-17).
We will also discuss this point in detail in
these notes and see also discussions in this
School.

Lecture on MFM (N. Garcia and J.J. Saenz).

1.

AFM: Forces and its measurement, operation modes
force and force gradient measurements. Refs. 2,3
(Chapt. VIII), 18-20.

Repulsive, short range, forces and attractive,
long range van der Waals, forces. Their
analysis and compensations. Refs. 2,3,18-20.
Resolution of AFM. Can AFM provide atomic
resolution? Refs. 2,3,7-9,21.

MFM: Measuring magnetic forces in the 10(-9) to
10(-7) Newtons. Refs. 2,3,22-27.

Theory of the MFM: Dipolar magnetic forces,
anysotropy magnetic forces and van der Waals
forces. Separation of the different
contribution forces to obtain a clean magnetic
information. Refs. 3,22,24.

MFM experiments in the 1004 to 10004 resolution.
Refs. 3,22,23,25-28.

Magnetic volume needed to measure magnetic
forces. Are magnetic forces destructive of the
surface to be measured? In certain cases they
are. Application of MFM to high Tc
superconductors. An experiment in the Institut
for Physical Problems in Moscow (Ref.27).

We Dbelieve that by following the lecture program given
above acccording to the references quoted, the reader can have
a broad and also specialized view of the STM, AFM and MFM
In any case I repeat one of the preferred senteces

fields.

of H. Rohrer:
imagination®.
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In what follows we will describe a little the use and
operation _of STM as well as its application to s-polarized
electrons™'. We will also discuss and describe MFM*® and
its application to high Tc superconductorsy.

A. LECTURE ON STM

View of STM Operation and Performance

To proceed further we take a description of the basic
principles of operation, basic instrumentation, imaging
applications and localized spectroscopy in STM from the
lectures Notes by Garcia in Ref.2.

Physical Principles of Operation

The gquantum mechanical tunneling phenomenon which
underlies STM has already been extensively exploited by solid
state physicists in the context of thin oxide and other
insulating films®"*, The situation for electron tunneling
between two planar conducting electrodes in the presence of
a bias voltage V is shown schematically in Fig. 1. A simple
trapezoidal tunnelirng barrier, related to the work functions
¢, and ¢, is employed and for simplicity we assume that the
bias voltage V is small compared to the effective barrier
height ¢ = (¢ + ¢,)/2. 1In these circumstances the tunneling
current density j for free electrons is given by the
expression®’.

J = (€%/h) (Q/4n%s) - V-exp(-20s) (1)
where Q = (2m¢ph®)* is the inverse decay length of the wave
function outside the surface. Compared with typical oxide

film tunneling barrier heights of below 1 eV, the effective
height for vacuum tunneling is usually a few eV.

The simple expression (1) has to be modified at larger
bias voltage where the barrier height becomes a function of
V but the dominating exponential dependece on barrier height
and width remains. For non-free electron situations, the
exponential pre-factor has to be altered to take account of
density of state effects. It can be seen from Fig.1 that the
main contribution to the current depends on the density of
filled states just below the Fermi level, E,, and the density
of empty states just above the Fermi level, E,, since these
electrons experience the minimum barrier height. This energy

Ry I

£ (2)

Fig. 1. Schematic energy diagram for a tunneling junction
with a trapezoidal barrier (¢,,¢,) of thickness s.

303




selectivity allows the density of states on either side of
the Fermi level to be explored by observing the current
voltage characteristic and is ex%%ited in classical tunneling
spectroscopy of insulating films®™

The STM technique depends crucially on the extreme
sensitivity of the tunneling current to the separation
distance s (it typically decreases by about one order of
magnitude for each 1 A increase in s). Of course the planar
geometry assumed in Fig. 1 no longer strictly applies. It is
assumed that the tunneling current is confined to a filament
between the apex of the tip and the specimen surface, whose
own deviation from strict planarity are often the essential
subject of interest. This is the crucial theory for the
fantastic performance. Further discussion of more
sophisticated and realistic tunneling theories for the STM
situation can be seen in Refs. 2,3,5,9-13.

The most frequently used mode of operation is illustrated
schematically in Fig. 2, taken from Binnig and Rohrer'™. 1In
this mode the tip is scanned laterally across the surface,
whilst its 2z position is controlled in order to keep the
tunneling current I constant. Contours of constant tunneling
current can then be obtained which, on a surface which is
chemically and electronically uniform will yield an image of
the surface topography limited by the instrumental resolution.

Electronic or chemical inhomogeneities will also produce
features in the scanned images. Such inhomogeneities can
arise at foreign surface atoms as indicated schematically in
Fig.2 or at special surface features such as steps or other
defects. The local electronic or chemical variations can be
distinguished from simple height changes by I vs V or I vs s
measurements (see later section on localised spectroscopy).
These measurements provide for example information on local
variations in tunneling barrier height or density of states
which are vital in analysing the images.

Another procedure which can be useful in some situations
is to check the reproducibility of the image scan or I vs s
scan. Although the STM generally causes no appreciable
specimen damage (see later section), its occasional occurrence
may be signalled by apparent image changes or hysteresis
effects.

Basic Instrumentation

A schematic diagram of the instrumentation for STM is
shown in Fig. 2 due to Binning and Rohrer’. As indicated
there the equipment must be well protected from external
vibration by a vibration filter system. The most serious
vibrations are those which excite resonances of the system
itself and change the tip-sample separation s. With
increasing design experience, particularly the move towards
microscopes of smaller physical size, the vibration problem
is now less severe. In one of the successful designsn, the
necessary mechanical isolation is achieved simply by mounting
the instrument on a stack of metal plates and separated from
its neighbour by a viton damper. It is also useful in the
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VA

Sample

Fig. 2. Schematic of a tunneling microscope and its
operation. The tip T of the microscope depicted in
(a) is scanned over the surface of a sample S with
a piezoelectric tripod (X,Y,Z). The rough positioner
L brings the sample within reach of the tripod. A
vibration filter system P protects the instrument
from external vibrations. In the constant tunneling
current mode of operation, a voltage V, is applied to
the Z piezoelectric element by means of the control
unit CU depicted in (b) to keep the tunneling current
constant while the tip is scanned across the surface
by altering V, and V,. The trace of the tip, a y-
scan, generally resembles the surface topography.
Electronic inhomogeneities also produce structure in
the tip trace, as illustrated on the right above two
surface atoms having excess negative charge. Figure
reproduced from Refs. 2,5.

tip-position control 1loop to employ a low-pass filter,
limiting the tip motion to frequencies below the lowest
mechanical mode frequency. This can restrict the imaging
speed particularly on rough surfaces. But many other devices
have been depicted depending on the everyone needs.

The sample positioning and scan drive system has obviously
also to be designed to minimise vibration effects. This is
difficult to reconcile with the desire to be able to select
from a reasonably large surface of perhaps millimetre
dimensions, a specifically chosen small area for high
resolution imaging. Coarse positioning of the sample has been
achieved in a number of ways including the piezo-electric
walker or louse’”® shown in Fig. 2a, as well as mechanical
pushers"'5 and screw reduction drives. The fine, three-
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dimensional, highly controlled motion of the tip which is
required for high resolution imaging is usually provided by
some form of the piezo-electric tripod shown schematically in
Fig. 2a. A more compact design, which may have advantages if
the area to be scanned is not too large, replaces the tripod
by a single piezo-electric tube fitted with several electrodes
to produce the necessary deflections. If distortion free
images are to be produced, careful attention to calibration
of the piezo response at different scanning speeds is often
required.

The tip is evidently a very crucial component. Its
structure can influence the image, not only in determining
the resolution attainable but also, in extreme cases, it may
contribute to the final result just as significantly as the

structure of the sample under investigation. Tips are
generally made by grinding or etching wires of tungsten (and
on occasion stainless-steel, iridium or gold). Further in-

situ tip shaping experiments can often be useful, particularly
after damage through accident contact with the sample. These
procedures usually depend on removing the tip to a few 100 A
of the surface and applying a pulse + 100 V or more. More
systematic studies of tip structure and its influence on STM
images are possible by field ion microscopy.

Computer control of the various STM imaging and microscopy

operations is essential for efficient operation. Ideally,
however, this should also be integrated with a data
acquisition, processing and display system. The basic

requirements for such a system, together with examples of the
significance of background subtraction, filtering and
enhancement have been presented’. Anyone who studies the STM
literature will quickly appreciate the enormous part played
by sophisticated image processing and display in improving the
quality of the published images. As always however, these
procedures have their danger unless are used intelligently.

Imaging Applications

The number of significant and high quality STM images
already published means that it would be impractical to give
a comprehensive review of the results here. We will simply
outline what has been achieved in the main fields explored so
far, drawing attention to points which seem to be of wider
significance either for surface science or for general STM
imaging.

The technological importance of semiconductor surfaces
has ensured that a considerable effort has gone into the study
of their structure and reconstruction. In many of these
cases, including the best known example of the 7x7
reconstruction of the_(111) surface of Si (for details see
the chapter by Gibsonz), the basic elements of the surface
structure had already been worked out on the basis of LEED,
photoemission, ion-channeling or transmission diffraction
data. Nevertheless even for regions of perfect structure,
the STM images have supplied important confirmatory
information on points of detail, particularly over the
outermost and ad-atoms in the 7x7 structure. Furthermore,
the images obtained from such known structures have been
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extremely useful both experimentally and theoretically in
separating the topographical and electronic contributions to
the STM image contrast. In imperfect regions such as_where
the surface reconstruction encounters a surface step's, or
where different domains of surface reconstruction form in the
same region, the high resolution information provided by the
STM is unrivalled. However, other high resolution techniques
such as REM imaging (see Chapter b¥ Cowleyz) and LERM imaging
(see chapter by Bauer and Telieps) may retain an advantage
where it is desired to follow in real time the dynamics of
surface phase transitions at temperatures.

Surface structures and reconstructions have now been
observed on a considerable variety of other surfaces
particularly of metals such as Au and Pt and including
situations with monotomic surface steps, close packed atomic
corrugations or where ad-atoms are present, e.g., 0 on Ni, Au
on Si. With metal surfaces or then relatively large sample-
tip distances are employed, the images are largely due to
surface topography. However as indicated schematically in
Fig. 3 adapted from Binning and Rohrer’, the contours of equal
tunneling current need not follow the surface topography
exactly. In semiconductors the image contribution from
electronic effects such as varying local density of states
(LDOS) at the surface is geneally more significant. For
instance, there is an apparent but not real height difference
between the two halves of the unit cell in the S8i 7x7
structure. As shown in the next section, these effects can
sometimes be unravelled by careful local spectroscopy. An
even more stricking case of spurious topography are the giant

corrugations observed in graphite . These may be due to
extremely low density of states at the Fermi level in this
case. However they may also be a consequence of actual

physical contact between tip and surface since the typical
barrier height measured in only a few tenths of a volt or
less.

The STM has already been applied to a number of specimens
not previously accessible by any kind of high resolution

imaging. These include surfaces under air at atmospheric
pressure, under water and saline solutions and under various
other electrolytes. Another novel and exciting new

Fig. 3. Expected STM-equicurrent lines (dashed lines) above
an atomically corrugated surface (solid line). The
different spacings of the equicurrent lines at the
protrusions and in the valleys can be described by
a varying effective tunneling barrier height.
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application is to the imaging of organic molecular structures
which would be severely damaged by more energetic electrons.
More recent work has included imaging of stearic acid, purple
membrane and of Langmuir-Blodgett films. (See Chapter by
Garcia in Ref.2 and references therein).

Localized spectroscopy in the STM

As mentioned above, given sufficiently stable conditions,
the feed-back 1loop employed to maintain the tip-sample
distance can be briefly interrupted to permit measurement of
tunneling current I vs separation distance at constant bias
V, or of I wvs V at constant s. The first of these
measurements gives a value for the effective barrier height.
The second measurment yields density of states information
near the Fermi level and is a kind of spectroscopy based on
elastic tunneling.

A most impressive demonstration of the power of elastic
tunneling spectroscopy was given by Hamers et al.”” who were
able to probe the density of states with a resolution of 3 &
inside the unit cell of the Si(111) 7x7 reconstruction. Their
results show the very striking variations which occur within
the unit cell. Hamers et al. were able to relate the
measurements to the presence of surface states previously
observed in UV and inverse photoemission spectroscopy.
Detailed analysis of these results indicated not only the
presence of the electron state responsible for the difference
in STM contrast in the two halves of the unit cell but also
provided direct evidence for the presence of a stacking fault
in one half, as required by the Takayanagi model (see chapter
by Gibson, Ref. 2).

In principle it may be possible also to carry out
inelastic tunneling spectroscopy®'® in the STM. In this case
the tunneling electron loses some characteristic amount of
energy, e.g. by exciting a vibration in a molecule adsorbed
on the surface. It might then be feasible to identify various
adsorbed species from their spectra. Unfortunately the
expected signal strengths are very weak and although the
technique is thought to be possible, it will undoubtedly be
extremely difficult.

Spin-Polarized electrons with STM (SPSTM)

One of the very interesting points in Surface Science is
surface magnetism because its influence on technological
devices (see other authors contributions in this field in
these lectures). One of the goals that STM scientist have
been pursuing for long time is to distinguish in the tunneling
current the magnetic polarization of the electrons. _This is
a very hard task because as indicated by Saenz et al1%;

"One of the most challenging problems nowadays in several
laboratories using scanning tunneling microscopy (STM) is the
characterization of the magnetic properties of surfaces. It
would be very ir*eresting to observe, with very high
resolution, the surface domain structure of materials of
interest in magnetic information technology®. We believe that
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it is not simple to solve this problem with the STM. To
observe a domain wall we should perform (X,y) scans of = 0.01~-
lpm. The variation of current (or tip-sample distance z),
when the STM is operated in the constant z (or constant
current) mode, is expected to be of = 10% (or, at most, = 1
A). 1t is possible that in this case the surface topography
will hide these tiny effects. There is no way, given the
irregularities and surface defects observed in STM
experiments, to distinguish ~ 1-} tip displacement associated
to a change in the spin configuration in the surface when the
tip scans over several hundred nanometers. We present in this
communication a way of observing magnetic domain structure
based on the ideqaof measuring magnetic forces with an atomic
force microscope ™ (AFM)".

The difficulty of performing SPSTM gives us? the
opportunity of discovering MFM but with 100-1000 & lateral
resolution. However many things can be achieved with
imagination and insistance. Recently 1in a paper by
Wiesendanger et al’ it seems that the problem of SPSTM has
been partialy solved. This has been done by using a clever
build high polarized CroO, tip (see Gambino on the Special
Session of Spin-Polarized Vacuum Tunneling in this School)
and by choosing a clever and adequate surface Cr(100) that
seems to present a topological antiferromagnetic model™ so
that the spin in alternate terraces emerging at the surface
has opposite sign. To describe the experiment we mainly
follow Ref. 16 and quote it.

"This topological antiferromagnetism of the Cr surface
(Fig. 4) is compatible with both the abgence of magnetization
observed by spin-resolved photoemission’™ which arises from the
cancellation between oppositely magnetized terrraces within
the diameter of the light spot, as well as with the existence
of spin-split surface states detected by energy - and angle-
resolved photemission38 which are due to majority- and
minority-spin states inside each ferromagnetic terrace. The
topological antiferromagnetism of the Cr(001) surface provides
an ideal test structure for SP-STM experiments.

Our topographic STM studies of the Cr(001) surface also
strongly support this microscopic model with terraces
separated predominantly by monoatomic steps. The mechanically
and electrolytically polished Cr(001) surface was prepared in

-
S
Fig.4. Topological antiferromagnetic order of Cr(001)

surface with terraces separated by monoatomic steps.
Different terraces are magnetized 1in opposite
directions. Only surface spins are indicated (Figure
taken from Ref. 36).
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situ over a time period of several months by cycles of Ar® -
ion etching and annealing. A p(1x1l) LEED pattern was obtained
characteristic of a clean Cr(001) surface™. Only small
traces of oxygen and nitrogen could be detected by x-ray
photoelectron spectroscopy. The average width and shape of
the observed terraces were found to depend on the annealing
conditions, whereas the preferred occurrence of monoatomic
steps was independent of the preparation conditions. The
experimental determination of the monoatomic step-height value
yields 0.149 + 0.008 nm, in good agreement with half of the
cubic unit-cell heiht of 0.144 nm for bcc Cr.

Ater replacing the tungsten tip by a Cro, tip, the STM
images of the Cr(001) surface showed gqualitatively the same
topographic structures, i.e. terraces separated by moncatomic

steps. Surprisingly, these monoatomic steps could still be
imaged with a remarkably high spatial resolution, although the
Cro, tips appear macroscopically rather blunt. However, we

find two different experimental results with Cro, tips
compared to tungsten tips.

First, a positive sample bias voltage of at least 2 V had
to be applied in order to get a stable tunneling current of
1 nA. The I vs V characteristics, which were recorded to
investigate the bias-voltage dependence in more detail, showed
the typical appearance of semiconductor-vacuum-metal tunneling
than that for metal-vacuum-metal tunneling. This observation
is consistent with results from spin-resolved photoemission
from similar Cro, films §howing low intensity in the
photoemission spectra near E;”. We therefore operated the STM
always in a regime of maximum spin pglarization of the Cro,,
which is found at about 2 eV below E,*.

Second, a periodic alternation of the measured monatomic
step heights between larger and smaller values compared to
the mean single step-height value of 0.144 nm is observed
(Fig.5). To support this experimental result,we have analyzed
the step heights from individual line scans of over twenty
STM raw data images obtained in the constant-current model.
Care was taken to analyze only measured line scans (line scans
in the x or y direction) and not oblique line scans where the
exactness of the determination of the step-height values can
suffer from the interpolation procedure necessary to get the
topographic height values along these oblique line scans. It
should be noted that the step-height values determined from
topographic STM images might sometimes fluctuate within a few
percent; however, a periodic alternation of the step-height
values, as reproducibly observed in different 1line scans
(independent measurements) with the CrO, tip on the Cr(001)
surface, has never been found in topographic STM images
measured with a tungsten tip. Furthermore, the deviation from
the single step-height value determined with a Cro, tip can be
as large as * 15 % which is outside the range of scatter of
the monatomic step-~height values measured with a tungsten tip.
Therefore, we conclude that the observed periodic alternation
of the single step-height values is characteristic for STM
experiments performed with Cro, tips on a Cr(001) surface.

We interpret this periodic alternation of the monoatomic
step-height values as being due to an additional contribution
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0.12 nm //

016 nm

Arbitrarily chosen (not successive) single-line scans
over the same three monatomic steps taken from the
STM image which was obtained with a Cro, tip. The
same alternation of the step-height values (0.16,
0.12, and again 0.16 nm) in all single-line scans is
evident. The line scans are 22nm long. 1Inset: For
comparison, a single line scan over two monoatomic
steps taken from the STM image which was obtained
with a tungsten tip. In this case, the measured
step-height value is constant and corresponds to the
topographic monoatomic step height. This line scan
in 70 nm long. (From Ref. 16).
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Schematic drawing of a ferromagnetic tip scanning
over alternately magnetized terraces separated by
monatomic steps of height h. An additional
contribution from SP tunneling leads to alternating
step heights h, = h + Ay + A, and h, = h -~ Ay - Ag.
{(From Ref. 16).
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from SP tunneling. Assume, as sketched in Fig. 6, that the
Cro, tip is first scanning over a terrace having the same
direction of magnetization as the front part of the ¢ro, tip.
The tunneling current I,, will then be increased due to a

contribution from SP tunneling”.

I,, =1, (1 +P) (2)

Tt
where I, would be the tunneling current without this
contribution and P is the effective spin polarization of our
tunneling juntion. Since the STM is operated at constant
current, and additional contribution to the tunneling current
leads to a corresponding increase A of the mean distance S0
between the tip and the sample surface. If the Cro, tip is
scanning over a terrace having the opposite dlrectlon of
magnetization, the tunneling current I,, will be decreased:

I,, = I, (1 - P) (3)
leading to a corresponding decrease A, of the distance
between tip and sample. The measured single step—height
values therefore alternate bewteen h; = h + A, + A, and h,

h - A - A, where h is the topographic monoatomic step
height. The relationship between
Iy, = Iy
P= o— (4)
I, - Iy

and 4A,, A is given by

exp(Av/pl5) - exp(-A/dl)  exp(A/dAg) - 1 5)
P = = 5
exp(AVplg) + exp(-A/PAg)  exp(A/Pag) + 1

where ¢ is the mean local tunneling barrier height, =0y +
A,,and A = 1 ev® &7, Equatlon (5) represents a relatlonshlp
between the effective spin polarization P and the quantities
¢ and 4g which are directly measurable with the STM. Apart
from the determination of the changes of the single step-
height value, measurements of ¢ are necessary to derive P.
We have determined ¢ from the slope of local LnI vs s
characteristics. The value of ¢ lies between 3 and 5 eV for
all of over one hundred 1lnIlI vs s characteristics which were
measured with different sample bias voltages between + 2.5 and
+ 3.5 V. These ¢ values indicate that clean conditions for the
tip and the sample surface were achieved, whereas anomalous
low ¢ values were reported for contaminated surfaces of either
tip or sample3. Therefore, we have confidence that the
derived values for the polarization P cannot greatly be
affected by surface contamination. Taking g = 0.22 *+ 0.01
nm and an average value of 4 * 0.5 eV for ¢, we derive values
for P of (20 * 10)%. The tip-to-sample distance at 1-nA
tunneling current and a sample bias voltage of + 2.5 V was
determined to be about 0.5 nm".

However the value of the polarization P is very obscure
because it is not the sample nor the tip polarlzatlon. Also
the theory used is for S-electrons and is not useqd'
correctly. By using adequately the existing calculations by
Fu and Freemann*® it is possible to obtain much more
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Fig. 7. Valence charge density x and spin charge density o

as falling away from the surface z = 0 on top site.
The large slope (4.4 AJ) at small values of =z
corresponds to d-electrons. The smaller slope (2.3
&'), at large z is dominated by s-electrons. At
large distances [ 6 = pgr SO that all the s-charge
at Fermi level is polarized. (Charge units are 10
electrons/(a.u.)ﬁ.

information that reported in Ref.16 by using the experimental
data'®. For that reason I would like to make the following
clarifying comments.

1.

The applied voltage in the experiment is large, 2.5 V.
Therefore the barrier used to analyze the data should be
trapezoidal and not squ